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PREFACE TO THE SECOND EDITION 


f |\HTS volume, nominally a second edition, is really a new 
book. The great changes in our knowledge of Radiation 
which have been effected in the last six years by the experi- 
ments of Barkla and Bragg and by the theories of Planck and 
Einstein have made it necessary to treat entirely afresh those 
portions of the first edition which now form Part II. The 
Principle of Relativity and Stark’s work on atomic structure 
have altered Part III completely. Part I has been rewritten, 
not in order that the title of the book might be justified, but 
in order that the more obvious faults of the first edition might 
be removed. 

The new book, unlike the old, has been written to suit the 
needs of one definite class of students. All mistaken attempts 
at being ‘popular’ have been abandoned, and it has been 
assumed that the reader has an adequate acquaintance with 
the older physics. The book is addressed to those who, having 
such an acquaintance, desire to study the more modern develope- 
ments of the science. Otherwise the purpose of the work is 
unchanged. Its primary concern is with theories and not with 
facts ; only those facts are described which are essential to 
the theories discussed and are not described adequately in 
other text-books with which the reader may be supposed to be 
familiar. As before ‘ I have attempted to expound the subject 
in its logical order, to analyse the arguments by which the 
various phenomena are correlated, to draw special attention to 
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the assumptions that are made/ And while the foolish restric- 
tion of analysis to so-called ‘elementary methods' is no longer 
maintained (for how can anyone understand modern electrical 
theory who is not acquainted with the calculus ?), my principle 
has still been * to resort to calculation only when, and so far as, 
it is necessary to show the nature of the argument/ None of 
the proofs given pretend to mathematical rigidity, but I hope 
that none of them are physically misleading. 

It is perhaps interesting to inquire how far the electrical 
theory of today differs from that of six years ago. There has 
been little change or progress in the ideas of that time. The 
electronic theory is as firmly established as ever today, but, 
while we have more knowledge of where to seek a solution 

of the difficulties which attend it, few of those which were 

discussed in the earlier edition have been definitely resolved. 

These difficulties concern chiefly the theory of metallic conduc- 

tion and to these a new and very grave difficulty concerning 
specific heats has been added. Our view that positive electrifi- 
cation is inseparably connected with atoms is confirmed, but we 
seem further from rather than nearer to a complete knowledge 
of the internal structure of those atoms. On the other hand 
the centre of interest has been changed by a pure addition 
to our ideas ; it is the problem of radiation that is the chief 
concern of modern physics. No one can be more conscious than 
myself of the inadequacy of the treatment of that fascinating 
problem which is given here; but I think I may claim that it 
is the best attempt in the English language to deal generally 
with the matter, for, so far as I know, there is no other. 

To make room for the newer theories, several large omissions 
from the first edition have been made ; these omissions have 
been rendered possible by the introduction of modern work on 
refraction and conduction in gases into text-books of a more 
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ordinary type. A complete excision of all matters which are 
treated adequately elsewhere appeared undesirable, for some of 
them are intimately connected with the theories which it is the 
special purpose of the volume to discuss. 

A word should be said as to the object of the References 
at the end of each chapter. It is hardly necessary to explain 
that the list of memoirs given is intended not as a com- 
plete bibliography, still less as an indication of those which 
have been most important in the developement of the subject. 
They are intended to inform the reader where he may find 
discussions, fuller than, but on the same lines as, that given in 
the chapter concerned, on those points which have been treated 
with undue brevity. 

The work claims to be nothing more original than a compila- 
tion, but nevertheless it is my duty to make acknowledgements. 
I have received the greatest possible help from Dr H. Dember 
and Dr U. Meyer, who have translated the book into German. 
Not only have they pointed out innumerable mistakes, both 
large and small, but have rendered invaluable service by 
drawing my attention to very recent work with which I was 
unacquainted. It will be obvious to all that Part II owes much 
to the inspiration of Prof. Bragg, who, with Mr W. L. Bragg, 
has read through all the manuscript and offered most useful 
suggestions for improvement. Appendix II is the result of a 
discussion with Prof. Turner, who was so good as to enter on a 
long correspondence with me on the subjects discussed in it. 
Once more * if any reader shall learn from studying the book 
half as much as its author has learnt from writing it, no further 
justification of its production will be needed.’ 


Leeds, 

March 1913 . 


N. R. C. 
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NOTE ON THE DIRECTION OF VECTORS 


A statement is necessary as to the conventions adopted in this 
volume for the directions in which vectors are counted positive 
and negative. 

‘ Positive ’ and ‘ negative * rotations about an axis are related 
to the positive direction of that axis as rotation is related to 
translation in a right-handed or left-handed screw respectively. 
A quantity which is of the nature of a rotation is counted positive 
or negative accordingly as the rotation is positive or negative. 

When rectangular coordinates are employed they are placed so 
that positive rotation about the positive direction of x turns the 
positive direction of y towards the positive direction of z\ similar 
statements are true if the letters x y y, z arc commuted cyclically. 
Thus if x is positive towards the north, y towards the east, s is 
positive downwards. This convention is universally adopted in 
continental treatises; unfortunately the opposite convention is 
adopted in many well-known English text-books. 

The direction of the magnetic intensity defined by (5) turns 
out to be that of the acceleration caused by it in a ‘ north ’ 
(i.e. north-seeking) pole. The relation of the direction of the 
magnetic intensity due to a straight current circuit to the direc- 
tion of the (positive) current is that of positive rotation and so is 
that of the direction of a circular current to that of the magnetic 
intensity at its centre. The direction of the electric intensity is, 
of course, that of the acceleration of a positive charge. 
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CHAPTER I 

THE PROPERTIES OF ELECTRICITY 

electrical science of the last century was concerned 
with the properties of electricity; modern electrical 
science is concerned with the relations between 
electricity and matter. The older workers investi- 
gated primarily the phenomena which were exhibited by all 
charged bodies, whatever their nature in other respects ; to-day 
we are more interested in the phenomena which are peculiar to 
certain bodies; by means of a knowledge of the electrical pro- 
perties of substances we attempt to establish a connection between 
their other properties. 

Of course the distinction cannot be maintained as applicable 
to every detail. Measurements of some of the more important 
electrical properties in which bodies differ were made more than 
a century ago, and, on the other hand, our views of the properties 
of electricity have been considerably modified by experiments and 
theories essentially modern. But the distinction can be clearly 
traced and it is of logical as well as of historical importance; 
for, until we know the properties of electricity, we cannot enter 
on the task of explaining in terms of those properties the laws 
which relate the qualities of material bodies. The final achieve- 
ment of the older science is the foundation on which its successor 
builds. 

We must start then with an account of the properties of 
electricity, the properties, that is to say, which bodies possess 
merely in virtue of the fact that they are charged. Here only a 
very summary account need be given, for the subject is discussed 
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1. The 

The old and 
the new 
science. 


C. E. T. 
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in innumerable treatises with some of which the reader is sup- 
posed to be acquainted. 

It must be clearly understood that no attempt is made here 
to prove the various propositions concerned, which are treated as 
assumptions on which the subsequent discussions are to be based. 
In so far as the discussions represent the experimental facts they 
establish the truth of the assumptions. 

2 . The properties of electricity are conveniently divided into 
two classes : those of electricity at rest, which form 

Electrostatics. . • 

the subject matter ol electrostatics, and those ot 
electricity in motion, which are studied by electromagnetism. 

A set of charged bodies, all at rest relative to each other, 
exhibit certain attractions and repulsions; for the purpose of 
studying these forces it is convenient to imagine the bodies 
divided into particles of infinitesimal dimensions, which may be 
numbered 1, 2, 3,.... The following laws express the results of 
the observations which have been made on such systems: 

The attraction exerted on the particle 1 can be expressed as 
the product of two factors, one of which depends only on the 
nature of that particle and the other only on the nature of the 
others and their relation to the first. The first factor, e 1} is termed 
the charge on the particle 1, the second, D, is called the electric 
displacement due to the remainder of the system. e 1 is a scalar, 
D a vector quantity. 

Since the electrostatic attractions are forces in the Newtonian 
sense, we may suppose that the force on 1 due to the whole 
system is compounded of forces due to each of the particles 
composing it, and that the forces between any two particles are 
mutual. Hence the contribution of the particle 2 to the value 
of D must again be the product of two factors, one the charge 
on 2, e 2 , and the other, / 12 , determined by the relation of 2 to 1. 
It is found that it is consistent with experiment to suppose that 

f l2 is proportional to , where r 12 is the distance of 1 from 2 ; 

f l2 is a vector and its direction is in the line joining 1 and 2. 

These are the laws of electrostatics in the form in which they 
are employed by modem electrical theory. If F 1 is the force on 
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1 and p the volume density of the charges at any point, they may 
be expressed in the analytical form 

1 = ke x D (1), div D = p (2). 

k is a quantity determined by the choice of the unit of charge ; 
the choice will be made so that k — ^nr 1 . It must be noted that 
nothing has been said about the nature of the medium between 
the charged bodies, for all material bodies in the field are supposed 
to be included in the system of charged bodies which is investi- 
gated. There is no distinction made between ‘ true ’ charges and 
induced charges ’ ; if a piece of material, uncharged when it was 
without the field, is introduced into the field, the system of 
charged bodies is supposed to be changed by the addition to it 
of the charges which are sometimes said to be ‘ induced ’ in the 
material. 

3. Suitable experimental conditions for the study of the 
Electro- properties of electricity in motion are most easily 

magnetism. realised by producing the motion by joining two or 
more charged bodies by means of conductors. It appears at first 
that the phenomena in such cases arc dependent on the nature 
of the conductor and that, since they vary with the properties of 
material bodies, they are not determined wholly by the properties 
of electricity which alone are being described at present. But 
investigations, most of which were undertaken with the ostensible 
object of ‘ establishing the identity of frictional and voltaic elec- 
tricity/ have shown that the phenomena are wholly determined 
by the rate at which a charge of electricity is conveyed, by the 
direction in which it is conveyed and by the values of D along 
its path. The quantities can be measured by methods which are 
independent of the particular properties of any material substance. 

Again, in treating the theory of electromagnetism, it is con- 
venient to introduce a quantity termed the ‘ magnetic intensity/ 
H y which is measured experimentally by the couple exerted on 
a magnet. But, if we limit ourselves to the properties of elec- 
tricity only, we can know nothing of magnets, and H has to be 

1 Since we shall often be concerned with numerical values of electrical and 
magnetic quantities, it is better to adopt ordinary electrostatic units than the less 
familiar units of Heaviside which abolish the constantly recurring factor 1 4**.’ 

1—2 



4 


THE PROPERTIES OF ELECTRICITY 


[3 


regarded as a quantity introduced for mathematical convenience 
only and defined in terms of electrical quantities. Accordingly 
we start by defining H as a quantity determined by the 
equation 

Jlfds = 4 -tt jcdS ( 3 ), 

where the integral on the left side of the equation is taken round 
the boundary of the surface over which the integral on the right 
side is taken, and C is the 4 current * which, for the present, will 
be defined as the charge conveyed per unit of time through uni if 
area of that surface and along the normal to it. H is a vector 
parallel at each point of the boundary to the boundary at that 
point. The equation is often written in the equivalent form 

47t G = curl H (4). 

By means of H we can now express simply two experimental 
laws. The first concerns the force exerted between two charged 
bodies which are moving relatively to each other. If v is the 
velocity of a body carrying a charge e relatively to the observer 
who is measuring the value of H at points along its path, then, 
in virtue of its motion, the body is subjected to a force eHvjc 2 in 
a direction at right angles both to H and v . Hence we may 
express in analytic form the total force to which any charged 
body is subjected by electrostatic and electromagnetic forces as 

F=eUirD + \[v.H]' (5). 

\ c / 

The second law is that of ‘induced currents/ discovered by 
Faraday. If dS is an element of an area in a region where the 
value of H is varying, ds an element of the boundary of that 
area, then 

<«>■ 

where D is the component of the electric displacement parallel 
to ds, and H the component of the magnetic intensity normal 
to dS . By a consideration of the dimensions of the quantities 
in (1), (2), (3) it will be seen that c has the dimensions of a 
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velocity. The value of c has been determined experimentally to 
be 3 x 10 10 cm./sec. The equation is often written in the equi- 
valent form 


1 dH , n 
— t — - -j— = curl D 
4>7tc 2 dt 


( 7 ). 


Once more it will be noted that no quantity has been intro- 
duced representing the properties of the medium between the 
moving charges. When we come to consider magnetic substances 
the treatment which has been adopted will force us to adopt the 
view that they are the seat of currents determining values of H 
by means of (3). 


4 . We have now stated the fundamental properties of 
Theories of • electricity as they are known to modern electrical 
electricity. theory. The form in which these laws has been 
expressed has been chosen for its suitability for mathematical 
developements. To most of the older students of physics the 
science which they studied was interesting chiefly because it 
gave rise to such developements, and when they had enunciated 
the propositions which have been given, the goal of their endea- 
vours had been attained. But there are other students, much 
more numerous among the younger than among the older genera- 
tions, who are by no means content to regard such propositions as 
final. They could not derive from analytical exercises alone the 
intellectual satisfaction which is the object of all scientific research ; 
they desired theories which would ‘explain’ the mathematical laws. 

When a theory is said to explain certain laws two things 
are usually meant. In the first place it is meant that the theory 
establishes a connection between the laws ; it replaces a set of 
apparently independent propositions by a single proposition from 
which they may all be deduced. In the second place it is usually 
meant that the theory enables the laws which it explains to be 
‘ visualised ’ ; it traces an analogy, more or less close, between the 
phenomena expressed by the laws and some other phenomena, 
usually of a mechanical nature, with which we are familiar in 
everyday experience, so that from our knowledge of what would 
happen in any given circumstances of the familiar phenomena we 
can make, by means of the analogy, some estimate of what will 
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happen in the less familiar phenomena to which they are 
analogous. 

A well-known example of such a theory is the dynamical 
theory of gases. It consists in the first place of a set of pro- 
positions from which such laws as those of Boyle and Gay-Lussac 
can be deduced ; apart from the theory there would be no reason 
whatever for believing that a gas which obeys one of those laws 
must also obey the other. In the second place it traces an analogy 
between the expansion of the walls of a vessel under the pressure 
of the gas which it contains and the completely familiar movement* 
of a body under the impact of moving masses. 


Faraday’s 

Theory. 


5. The only important theory which has ever been proposed 
to explain the properties of electricity is that of 
Faraday, and it is as the framer of this theory that 
Faraday must be proclaimed the founder of modern electrical 
science. Not only was the discovery which led to the develope- 
ment of that science a direct consequence of the consideration of 
his theory, but the spirit which led him to frame it is typical 
of the modern physicist rather than of his predecessors. As is 
well known, the theory was suggested to Faraday by his discovery 
that all bodies are not alike in respect of electrostatic action, that 
if charged bodies are separated by a solid dielectric they attract 
each other less than if they are separated by air. Faraday was 
the first to study the relations between electricity and matter 
rather than the properties of electricity itself. 

The main features of Faraday’s theory have been described 
so often that the most summary account of them will suffice in 
this place. Faraday supposed that the region surrounding charged 
bodies was traversed by ‘ lines of force/ the ends of which were 
rigidly attached to bodies charged with electricity of opposite 
signs. The lines were analogous to elastic strings in that they 
constantly tended to contract and so caused the opposite charges 
at their ends to approach. They differed from elastic strings in 
that their tension was independent of their length and that 
neighbouring lines tended to repel each other. These proper- 
ties of the lines are sufficient to explain, at least qualitatively, 
all the laws of electrostatics. 



6 ] 


faraday’s theory 


7 


Faraday was less successful in applying his theory of electro- 
magnetism. He showed that, when a current flows through a 
wire, lines of force from the region surrounding the wire must be 
travelling into the wire, where they disappear, while fresh lines 
of force are sent out by the source maintaining the current. To 
this motion of the lines of force through the region surrounding 
the wire the magnetic phenomena displayed in that region were 
to be attributed, but no analogy was suggested whereby the 
magnetic action of the moving lines might be visualised as their 
•electrostatic action could be by means of the analogy with elastic 
strings. 


6 . Faraday’s theory underwent little alteration or develope- 
ment at the hands of subsequent workers. The 

Developement . 

of Faraday’s all-important contributions of Maxwell to electrical 
theo y ‘ science were, as we shall see, inspired by that theory, 

but no attempts were made for a long time to show that it could 
be adapted to the quantitative treatment of electrical phenomena. 
This extension was ultimately made by J. J. Thomson. Even in 
the form which he gave to the theory it is not so well adapted 
as the simple laws in the form which have been given for the 
mathematical deduction of their consequences, but some of his 
results will be useful later and will be quoted without proof. 

In order to explain quantitatively the electrostatic and 
electromagnetic laws it is sufficient to add to Faraday’s theory 
the following hypotheses : 

(1) The number of tubes of force 1 having their ends on a 
body is equal to the charge on that body. 

(2) The tension along the length of a single tube of force 
is 27 tN, where N is the number of tubes passing through unit 
area drawn perpendicular to the tube at the point where the 
tension is considered. The lateral pressure which a tube exerts 

on its neighbours at right angles to its length is — per unit 

area of the tube, where to is the area of the cross-section of 
the tube. 


1 Thomson supposed that the ‘ lines of force’ had a finite volume and accordingly 
substituted the term ‘tubes’ for ‘lines.’ 
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(3) A tube of force travelling with a velocity v relative to 
the observer produces a magnetic intensity 47 rv sin 0, where 0 is 
the angle between the direction of the tube and the direction 
of its motion. The magnetic intensity is perpendicular to both 
these directions. 

7 . Before proceeding to consider the consequences of Fara- 
day’s theory it will be well to notice briefly a difficulty 
a difficulty. w hi c h Ina y have occurred already to the reader. 

We have attributed both electrostatic and electromagnetio 
action to the properties of the same tubes ; the former has been 
attributed to the presence of tubes at rest, the latter to the 
presence of tubes in motion. It would seem, then, that if any 
region is by any means cut off from the electrostatic influence 
of a system, it must also be cut off from its electromagnetic 
influence. But it is well known that any region surrounded by 
a closed conductor is isolated completely from the electrostatic 
action of any system outside the conductor, while the presence 
of the closed conductor has no influence on the magnetic action 
of steady currents outside it. 

To overcome this contradiction we must alter slightly our 
notion of the relation of a tube to its charge. Hitherto we have 
regarded the tube as joining two opposite charges to both of 
which it belongs equally. The difficulty which has been pointed 
out forces us to the conclusion that each charge carries its own 
tubes with it independently of the presence of other charges and 
that tubes attached to charges of opposite sign have oppositely 
directed properties. 

The use of an analogy, to which no special importance is 
attached, will make this matter clearer. Let us suppose that 
the electrostatic properties of a tube are determined by a rotation 
of the contents of the tube round its axis, and that the direction of 
rotation is related differently to that of the tube according as the 
tube is attached to a positive or negative charge (see Fig. 1). In 
Fig. 2 the thick lines represent infinitely large condenser plates 
bearing opposite charges ; it will be seen that between the plates 
the rotation of the positive tubes is in the same direction as that 
of the negative tubes, while outside the plates the rotations are 
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in opposite directions. Since we have attributed the electrostatic 
action to the rotation of the tubes, the two sets of tubes will act 
in the same direction between the plates and in opposite directions 
outside them ; the existence of an electric field between the plates 
and of no field outside them is explained. On the other hand, 


charge 

G> 


charge 

G> 


rotation 



Fig. 1. 


magnetic action must be supposed to be determined not by the 
rotation of the tubes but by the translatory motion of the two 
sets of tubes relatively to each other. If one of the condenser 
plates moves relatively to the other carrying its tubes with it, 
any action determined by this translatory motion will take place 
outside as well as between the plates. 



This modified view necessitates a slight revision of the quanti- 
tative relations just given, but since the alterations are unimportant 
for any of the calculations given here, it is undesirable to introduce 
further complications by making them. The only difference which 
is made by the modification of the theory which has just been 
introduced is that the connection between a positive and a 
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negative charge no longer appears so fundamental. It is now quite 
possible to conceive of the production of a positive charge without 
a negative charge ; the fact that such a production does not actually 
occur requires further explanation. 


The mass of 
the tubes 
of force. 


8 . It is a consequence of the fundamental equations that the 
energy contained in unit volume of a uniform mag- 
netic field H is H 2 /&7tc 2 . According to Faraday’s 
theory the value H is connected with the presence 
in that volume of unit length of each of N tubes travelling with 
a velocity v, where H — 47 tNv sin 0. Hence the energy due to 

each of these tubes is ^~-v 2 sin 2 6. The occurrence of the factor 

c 2 

v 2 immediately suggests that the energy may be expressed as 
kinetic energy of the tubes; the desired result is attained if to 
each unit length of the tubes is attributed a mass 

4 ttN . a 
- -- sin 2 U. 
c a 

The conception of a mass connected with the Faraday tubes 
is one of the most important consequences of the 
theory. We have not been able to obtain any 
satisfactory analogy which makes it possible to 
visualise the production of a magnetic field by the 
tubes and the associated action of the tubes on 
each other due to their motion, but the new con- 
ception enables us at once to visualise the process 
of the induction of currents, that is, the production 
of a current in one circuit by a variation in the 
intensity of the current in a neighbouring circuit. 

Let PQRS and P'Q'R'S' (Fig. 3) be two circuits 
lying one inside the other in the same plane. PQRS 
contains a battery or some other source of the pro- 
duction of Faraday tubes so that a current flows 
in it accompanied by the motion of tubes. These 
tubes may be imagined to stretch across from 
PQ(+) to 8R (— ) and to move down the circuit 
from top to bottom with their axes parallel to the portion QR 


batter // 
4 


P' S' 


GTR 


Fig. 3. 
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into which they collapse at the end of their passage. Under the 
influence of these tubes there will be 4 induced electrification ’ in 
P'Q'R'S', or, in the terms of Faraday s theory, the tubes of the 
metal of the circuit (see Chap. Ill) will be orientated in such 
a way that there is no electric intensity in the substance of the 
conductor. Now suppose that the conductor QR is removed and 
the circuit broken. The tube which was just about to collapse 
into QR will now be unable to do so : it will remain stretching 
across the gap and exerting a lateral pressure on the tubes above 
it tending to prevent them from moving down the circuit. But it 
must be remembered that the tubes possess mass and that a finite 
force will require a finite time in order to reduce them to rest. 
For a short interval the tubes will continue to move down the 
wires PQ and RS, but, being unable to escape at the ends, they 
will remain piled up about the region QR. The distribution of 
the tubes over the area of the circuit is changed : there are, 
relatively to the former condition, more tubes in the lower part of 
the circuit than in the upper. 

This change in the distribution of the tubes will cause a 
readjustment of the ‘induced electrification’ in the circuit P'Q'R'S '. 
It was in equilibrium previously, but now the number of tubes in 
the region Q'R' is greater relatively to that in the region P'S'. 
Accordingly there must be a movement of electricity in the sense 
determined by the action of the tubes in the lower part of the 
circuit: that is to say, positive electricity will move in the 
direction Q'R'S'P' and tubes having their positive ends on the 
part P'Q' must move down the circuit. The motion of these tubes 
will give rise to a magnetic intensity, and since the motion of the 
tubes is in the same direction as that of the tubes in PQRS before 
the circuit was broken the magnetic intensity will be in the same 
direction as that due to the current in the inducing circuit. But 
this latter intensity has disappeared by the breaking of the 
circuit : hence the intensity due to the induced current will be 
such as to counteract the change in the field due to the stoppage 
of the inducing current. 

The reader may work out for himself the processes which 
occur when the current is started in PQRS , and he will find that 
they are such as to give rise to the effects which are observed 
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experimentally. It will be noted that no attempt has been made 
to prove that the quantitative relations obtained are the same as 
those given by the usual theories : the calculations would be 
exceedingly complicated, and since they are not required for future 
reference and would not throw further light on Faraday’s concep- 
tions of the electromagnetic field, they may be omitted without 
detriment. 

9. So far we have only regarded Faraday’s theory as an 
Consequences alternative means of expressing the laws which were 
of the theory, adequately expressed by the mathematical theory of 
§§ 1-3. But it is the most valuable and the most remarkable 
feature of all true theories, such as that of Faraday, that they not 
only express the laws to explain which they were designed, but 
also suggest new laws which were not suspected at the time they 
were framed. We must now turn our attention to an instance of 
this kind, the feature of Faraday’s theory which renders it of such 
supreme importance for modern electrical theory. 

According to the older mathematical theory of electromagnet- 
ism (mainly due to Ampere) the existence of a magnetic field is 
inseparably connected with the motion of charged bodies or at 
least of charges ; there is nothing in the theory to suggest that 
there could be a magnetic field apart from the motion of charges. 
But according to Faraday the magnetic field is associated, not 
with the motion of charges, but with the motion of the tubes 
attached to them, and, since the tubes are flexible, there is every 
reason to suppose that the tubes might move without the charges. 
It is true that if we started with a system of tubes and charges 
at rest it would be impossible to produce a motion of the tubes 
without producing a motion of the charges, but since the theory 
leads us also to suppose that the tubes possess inertia, it is possible 
that the tubes, set in motion by means of the charges at their 
ends, might persist in motion after the motion of the charges 
had ceased. 

No action of this kind has ever been detected by direct 
experiment, and we know now that the experimental difficulties 
of direct detection are quite insuperable, but we can obtain 
indirect evidence as to the correctness of the suggestion that 
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magnetic fields may exist without the motion of charges or 
charged bodies 1 . 

10. If a uniform elastic string under a finite tension and 
velocity of possessing a finite mass is slightly distorted at any 

disturbances. p ar t an( j ^hen reiegg^ a disturbance reproducing 
the form of the distortion travels along the string in each 
direction with a uniform finite velocity. It is proved in any 
treatise on vibrations that, if the small disturbance is ‘ transverse,’ 
any point being displaced only in a direction perpendicular to the 
length of the string, the velocity with which the disturbance is 
propagated is (T/m)i, where T is the tension of the string and m 
its mass per unit of length. A longitudinal disturbance will be 
propagated with a different velocity detei mined by the variation 
of the tension of the string with its length. 

The Faraday tubes, to the action of which we have attributed 
the electrostatic and electromagnetic action, resemble such an 
elastic string in being subject to a finite tension and in possessing 
a finite mass. If our analogy is trustworthy, a transverse dis- 
turbance impressed on a tube at any point should be propagated 
along that tube unchanged in form with a finite velocity ; but a 
longitudinal disturbance will not be propagated at all, because the 
tubes are not elastic in the sense of resisting alterations in length. 
It is easy to calculate the magnitude of the velocity of propagation 

1 Some writers appear to think that the experiments of Rowland and Roentgen 
on the magnetic effect of electric convection afford direct evidence of the correctness 
of the suggestion of Faraday’s theory (as interpreted by Maxwell). What Rowland’s 
experiments prove is that a moving charge is equivalent in its magnetic action to 
a current flowing in a conductor along the path of the charge and conveying 
electricity at the same rate ; Roentgen’s experiments add to this proof the 
discovery that in magnetic action an ‘ induced charge ’ is precisely equivalent 
to a * true charge.’ These propositions had to be proved before the old question 
of the ‘ identity of frictional and voltaic electricity ’ could be definitely answered 
in the affirmative, for that question asked (among other things) whether electricity 
conveyed from one body to another through a conductor had the same properties 
as electricity conveyed through a dielectric. But they have nothing to do with the 
question whether the chief feature of Maxwell’s view of the nature of the current 
which determines the magnetic intensity is correct ; the feature which differentiated 
Maxwell’s from all previous theories and led to his theory of light is the hypothesis 
that any change in ‘electric displacement,’ even if it is unaccompanied by the 
motion of charges, is to be regarded as a current determining a magnetic field. 



14 


THE PROPERTIES OF ELECTRICITY 


[10 


if the distortion is so small that it does not disturb the uniformity 
of the field. We must remember that the tube is subject not only 
to a tension in the direction of its length, but also to a uniform 
pressure on its sides. The effect of this pressure can readily be 
shown to be equivalent to an increase in the tension of the tube. 

For, if the pressure were the same over the ends of the tube 
as over its sides, the tube would be subject to an uniform hydro- 
static pressure and would be in equilibrium ; accordingly, the 
pressure on the ends must be in equilibrium with the pressure 
on the sides, so that the resultant of the latter pressure mus£ 
be equal and opposite to that of the former ; that is to say, the 
resultant of the pressure on the sides must be a pull on each of 
the ends of the tube, equal to the product of the area of the 
ends and the pressure per unit area on the sides. Since this 

pressure is the tension on the ends of the tubes due to 

the pressure on its sides must be 2 irN and equal to the tension 
along the length of the tube. Hence the total tension of the 
tube is 47^. 

The mass of the tube per unit of length is since the 

c 

tube moves at right angles to its length ; hence the velocity with 
which the disturbance is propagated along the tube is 



We must now inquire what will be the physical effect of the 
propagation of such a disturbance along a set of adjacent parallel 
tubes. The disturbance at any point may be regarded as being 
produced by the superposition on the undisturbed tubes (in 
number N) of a set of tubes (in number N') at right angles to 
the direction of the undisturbed tubes. The propagation of the 
disturbance consists in an alteration of the undisturbed field by 
the passage through it of the N' tubes with velocity c. As they 
pass over any point they will produce an electric displacement 
47riV / in the direction of their length and, since they are moving 
at right angles to their length with velocity c, they will produce 
in a direction at right angles to the electric displacement and to 
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the direction of propagation a magnetic intensity 4nrN'c; thus 
the electric displacement and magnetic intensity due to the 
disturbance will always be at right angles and proportional to 
each other. 

Hence we see that Faraday’s view of the nature of electro- 
static and electromagnetic fields leads directly to the suggestion 
of the possibility of processes which could not have been antici- 
pated by the consideration, unenlightened by that theory, of the 
quantitative laws which have been enunciated. It is suggested 
that if a charged body is moved in any way the portions of the 
field at some distance from it should not be disturbed until a 
time has elapsed sufficient to allow a disturbance travelling with 
a velocity c from the charged body to reach them, and that the 
disturbance when it arrives should consist of electrostatic and 
magnetic fields proportional to each other, the former being in 
the direction in which the charged body was moved, and the 
latter at right angles to this direction and that of the line joining 
the disturbed point to the original position of the charged body. 
Further since N, the number of tubes attached to any charged 
body passing through unit area at right angles to their length, 
varies inversely as the square of the distance from the charged 
body (at points outside the electrostatic field due to the body), 
and since the fields of the disturbance are proportional to N, the 
intensity of those fields should vary also inversely as the square 
of the distance. 

The reader is, of course, aware that the view is now universally 
accepted that it is such disturbances which appear to our senses 
as light. 


11 . These consequences, though they follow naturally from 
Maxwell’s Faraday’s theory, were not perceived by Faraday 
work * himself. It is curious to observe, when reading his 

works, how near at times he came to the modern view and yet 
how far he was from ever grasping it. He perceived that an 
‘electric current’ possessed some property entirely analogous to 
inertia, and yet, with curious inconsistency, in considering that 
inertia he abandoned his theory and attributed the inertia to the 
electricity flowing in the wire rather than to the lines of force 
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outside it; 80 he failed to realise fully the analogy between those 
lines and elastic strings along which disturbances could be pro- 
pagated with a finite velocity. Though he was continually 
searching for some connection between electric and magnetic 
phenomena and light, he deliberately contrasts ‘the uses of the 
aether in conveying magnetic force and in transmitting radia- 
tions/ suggesting that ‘ the aether ’ may have a double use rather 
than that the two uses may be the same. Probably he was 
hampered in his speculations by a difficulty in breaking through 
the traditional division of the branches of physics into the 
separate studies of different agencies affecting different senses ; 
he found it as hard to conceive of any relation between electricity 
and light as his contemporaries found it to imagine how ‘ heat/ 
affecting one sense, could be ‘ a mode of motion/ usually affecting 
another. 

The suggestiveness of Faraday’s theory remained undiscovered 
until it was brought to light by Maxwell. But though Maxwell’s 
work was professedly inspired by Faraday’s ideas, the terms in 
which he expressed them were entirely different. Maxwell had 
the analytical training which Faraday lacked and he preferred to 
modify the work of the great mathematicians, Ampere, Gauss, 
Neumann and the rest, rather than to abandon it completely. 
In that work the idea of a ‘ current circuit ’ is fundamental, while 
in Faraday’s theory it appears only as a special instance of the 
motion of lines of force ; instead of expressing magnitudes con- 
nected with circuits in terms of magnitudes connected with lines 
of force, Maxwell preferred to adopt the converse process. It 
was the fact that he was thinking in one language and writing 
in another that made his work so difficult to understand and 
delayed its general acceptance until it had been remoulded by 
Hertz. 

Maxwell modified the Amperean theory of electromagnetism 
by introducing on the right hand side of equation ( 3 ) a term 
representing a current which determines a magnetic intensity in 
the absence of moving charges. The quantity C , according to 
Faraday’s theory, is determined by the number of tubes entering 
the area considered ; if these tubes are attached to charges which 
cross the area, the appropriate term can easily be shown to be pv, 
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where p is the density and v the velocity of the charges ; and if 
the tubes are attached to charges which do not cross the area the 

appropriate term is It is the introduction of this second 

term which is characteristic of Maxwell’s theory. We now write 

J Hds — 4:7rJ (pv + dS (8), 


or 47 t (^pv + = curl H (9). 

If Maxwell’s theory is equivalent to Faraday’s it must, of 
course, lead to the same consequences ; and indeed any treatise 
on the theory of electromagnetism will show how from equations 
(2), (7) and (9) the same conclusions may be drawn as to the finite 
velocity of propagation of the disturbances set up by the motion 
of charges, and as to the relation between the electrostatic and 
electromagnetic fields in those disturbances. As was said before, 
the analytical theory is much better suited than Faraday’s for the 
mathematical developement of the consequences of the various laws, 
just as Faraday’s theory is much the more valuable to those who 
wish to ‘visualise’ the processes taking place. 


12. When Maxwell suggested that light might be considered 
Maxweirs as a s P ec * a l periodic form of the electromagnetic dis- 
Theory of turbances which we have just considered, he could 
bring to the support of his hypothesis evidence 
which was very striking but not entirely complete. The dis- 
turbances, like light, were transverse and therefore capable of 
being polarised ; they were also, like light, propagated through 
vacua and media optically similar to vacua with a velocity 
independent of the frequency ; and the results of the measure- 
ments of this velocity did not differ from the results of the 
measurements of c more than the results of either set differed 
amongst themselves. If account had had to be taken of none 
but such media, it would have been hardly possible to conceive 
of any more conclusive evidence ; the only properties attributed 
to light other than a definite velocity and polarity are intensity 
and frequency, and the electromagnetic disturbances could be 
imagined to have any such properties as might be determined by 
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optical experiments. It would have hardly been necessary to wait 
until the brilliant experiments of Hertz had produced by electrical 
means disturbances differing from light only in frequency, in order 
to accept the hypothesis with complete confidence. 

But when the propagation of light through denser media was 
taken into consideration, the agreement between the calculated 
properties of the electromagnetic waves and the observed pro- 
perties of light was somewhat less satisfactory. The statement 
of electromagnetic theory which has been given in this chapter 
omits all reference to the properties of special material bodies 
and, of course, could not predict anything about the propagation 
of disturbances through them. But it will be convenient here 
to make a brief excursion from the proper limits of the chapter 
and to sketch briefly (although it is probably well known to the 
reader) the manner in which the properties of material bodies 
entered into the Maxwellian theory. 


13 . On this theory the electromagnetic properties of a sub- 
Materiai stance are supposed to be completely determined by 
Mcdia ’ three magnitudes, the dielectric constant K, the 

magnetic permeability /u., and the conductivity <r. By means of 
the first two quantities two new vectors are defined, the electric 

4,77* /} 

intensity, E = -j~- and the magnetic induction, B — fiH. The 

third quantity is used to define, by means of Ohm’s Law, a part 
of the current C which is peculiar to conductors and equal to <tE . 
The fundamental equations are then stated to be 

(10); di vD = P (11), 

4t r^o-E+ pv + =curl #...(12) ; — ^^ = curl #...(13). 


In a region where no material bodies are present, K and /a are 
given the value 1, a the value 0, and the equations reduce to the 
form given in (2), (5), (7), (9). 

From these equations the following conclusions may be deduced, 
for a proof of which the reader is referred to any modern treatise 
on light: 

(1) An electromagnetic disturbance of any form travels in 
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a medium for which a is zero with a velocity c/(fiK)K The 
frequency of a periodic disturbance is unchanged by transition 
from one medium to another, but at the surface separating media 
with different values of K and /x part of the disturbance is re- 
flected, while another part is refracted. The argument of Huyghens 
(which is quite independent of the nature of the wave considered) 
shows that, when a plane wave is incident on such a surface, the 
angle of reflection ( r ) is equal to the angle of incidence (i), while 
the angle of refraction (0) is related to i by the relation 

\ where v l and v 2 are the velocities of the disturbance 
sin i v 2 

in the first and second medium respectively. If the incident 
plane wave is plane polarised with the electric displacement in 
the plane of incidence, the relation be* tween the intensities of 
the incident, reflected and refracted waves is that found experi- 
mentally between the intensities of these waves when light, 
polarised with its plane of polarisation perpendicular to the plane 
of incidence, is incident upon the surface of separation of two 
media; if the magnetic intensity is in the plane of incidence 
the relation is that found for light with its plane of polarisation 
coincident with the plane of incidence. 

(2) When an electromagnetic disturbance is incident on a 
medium for which a is finite, again part of it is reflected and 
part refracted. The ratio of the reflected to the incident wave 

2 

is very nearly 1 — - where r is the period of the wave; it 

V <JT 

becomes unity if cr or t is infinite. The refracted wave does not 
travel through the medium, but is absorbed in a distance deter- 
mined chiefly by the value of a. Such a medium behaves towards 
an electromagnetic disturbance in much the same way as a 
‘ metallic reflector ’ behaves towards light. 

(3) Through whatever medium the disturbance travels its 
behaviour is unaltered by placing that medium in an electrostatic 
or magnetic field. 

14 . Let us now compare these predicted properties of the 
comparison electromagnetic disturbances with the observed pro- 

withexperi- . 

ment. perties of light. 


2 — 2 
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In some respects prediction and observation agree well. Every 
material medium has a value of fiK which is greater than 1 ; 
we should expect, as we find, the velocity of light to be less 
in all material media than in a vacuum. Again the reflection 
and refraction of polarised disturbances are the same as those 
of polarised light, if we suppose that the magnetic intensity of the 
disturbance lies in the plane of polarisation and the electric dis- 
placement perpendicular to it. And we find that usually it is those 
media which have a large value of a which behave towards light 
as metallic reflectors, and that the reflecting power of the better 
conductors is on the whole greater than that of the worse. 

But there are many serious discrepancies. The theory predicts 
that in any medium the velocity of all disturbances should be the 
same, where it is found that in all material media the velocity of 
light varies with the frequency. Again there is a large class of 
bodies (electrolytic solutions) which are generally classed as con- 
ductors and yet are as transparent as media for which the value 
of a is a million times smaller; and there are many highly 
insulating bodies which are almost as opaque as metals. 

The theory predicts that for bodies for which the value of yu, 
is 1 (i.e. all except magnetic bodies) the refractive index, ? 2 , should 
be related to K , by the equation n 2 = A. This relation is approxi- 
mately valid for a large number of substances, especially hydro- 
carbons, if the value of n chosen is that appropriate to waves 
of low frequency ; but for other substances, such as glass and water, 
it is not approximately fulfilled, nor can any clear distinction be 
made on the ground of their other properties between the sub- 
stances for which the relation holds and those for which it docs 
not. The relation between the conductivity and the reflecting 
power is approximately fulfilled in the case of such metals as 
silver and mercury, but not in the case of all metals ; moreover 
the theory offers no explanation of the fact that some metals, 
such as copper and gold, reflect waves of some frequencies so 
markedly more than waves of others. But here again the 
agreement between the theory and experiment is better the lower 
the frequency of the light with which the disturbances are com- 
pared. And lastly there is no such difference in the optical 
behaviour of magnetic and non-magnetic metals as the theory 
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which regards only the value of fx would lead us to anticipate. 
Such differences as there are (the occurrence of the Faraday and 
Kerr effects) are not of the kind which is expected. 

The source of the discrepancy is obvious and was suggested 
by Maxwell himself. The constants which are introduced into 
the electromagnetic equations to represent the properties of 
material bodies are all determined by observations on the be- 
haviour of those bodies in steady electrostatic or magnetic fields, 
and they are not applicable to fields changing so rapidly as those 
in the electromagnetic disturbances which constitute light. The 
failure of Maxwell's theory to deal adequately with the propagation 
of light through material media drew attention to the inadequacy 
of the prevalent view of the electromagnetic properties of those 
media ; it directed attention from the properties of electricity, 
independent of particular materials, to those relations between 
electricity and matter which are different for different materials. 
Once more a theory has been almost more valuable on account 
of the phenomena which it failed to explain, than on account of 
those which it explained successfully; it was the deficiencies of 
Maxwell’s theory which led to the foundation of modern electrical 
science, which in a single generation has remodelled almost every 
branch of chemistry and physics. 

15. In an earlier paragraph it was mentioned that this new 
The electron science has reacted upon that which forms its foun- 
theory. dation and has changed and extended our views of 

the properties of electricity. Since the nature of this change is 
now familiar even to elementary students of physics, it will be 
convenient to give a brief account of it here, leaving to later 
chapters any account of the considerations which led to the various 
hypotheses. 

The fundamental hypothesis of the newer theory is that electric 
charges are not distributed continuously through the bodies which 
contain them, but are concentrated on particles the total volume 
of which is small compared with that of the charged body 1 . The 

1 It is not certain that a definite meaning can be attached to the expression 
‘the volume of one of these particles.’ It would be more accurate to say that the 
greater part of the electrical energy is concentrated within volumes the sum of 
which is small compared to that of the whole charged body. 
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negative charges are concentrated on particles which have the 
same properties from whatever body they are derived. It is only 
necessary to attribute to them two properties, a charge and a mass; 
the charge on each of these particles (e) is about 4*7 x 10 -10 , the 
mass of each of them (ra 0 ) is about 8*8 x 10 -28 grm., the ratio of 
the charge to the mass being about 5*3 x 10 17 .* The mass of a 
hydrogen atom is about 1*6 x 10 -24 grins. These particles are 
termed ‘electrons,’ a name originally invented by Johnstone 
Stoney to denote the indivisible unit of electric charge, the 
existence of which appeared to be indicated by the phenomena 
of electrolysis. 

On the other hand the particles on which positive charges 
are concentrated are, as far as we know, never smaller than atoms, 
so that the discontinuity in the distribution of positive electricity 
is of the same nature as that of the distribution of matter. The 
positive charge on an atom is always a multiple (probably always 
a small multiple) of the negative charge on an electron. An elec- 
trically neutral atom is regarded as a complex structure positively 
charged to which are attached a number of electrons sufficient to 
neutralise that charge; a positively charged atom is an ‘ordinary’ 
atom deprived of one or more electrons. 

16 . The introduction of these assumptions does not make it 

The motion necessary to change the fundamental equations of 
of a charged electromagnetic theory (2), (5), (6), (9), except by 
p * rt * clc ‘ the introduction of 'He in place of p, where 'Se is the 

sum of all the charges on the particles in unit volume. But some 
special cases of those equations become of such great importance 
that it is desirable to state them explicitly. 

The first case is that of the magnetic intensity 11 at a point P 
distant r from a particle carrying a charge e and travelling with 
velocity v in a line making an angle 6 with r. Let / = ?’sin0 be 
the radius of a circle perpendicular to v, passing through P and 
having its centre on the line of v. Then, by symmetry, the value 

* By an unfortunate convention, which can only be justified as a means of 
setting traps in examinations, the electronic charge is usually expressed in 
electrostatic units, but the ratio of the charge to the mass in electromagnetic 
units/grammes. Here, as everywhere in this book when the contrary is not 
explicitly stated, electrostatic units on the c.g.s. system are employed. 
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of H in the plane of the circle is the same everywhere along the 
circumference, so that the left-hand side of (8) is In the 

right-hand side, p = 0, since there are no charges passing through 
the plane of the circle at the moment under consideration ; but D, 
the surface integral of the normal electric displacement over the 
circle, is 

j 27rr 2 sin 0d6.~~^ = \e (1 — cos 0). 

Hence we have 


2irHl = 277*6 -j ± (1 — cos 6) = 27 re sin 0 ... 

dt 7 dt 


V ~~dt^ C °k ^ 


Hence 


i _ dd 
sin 2 6 dt ' 
ev sin 0 


The component of II in any plane containing v is zero, since both 
dD 

pv and are zero along the normal to any surface drawn in that 
plane. Consequently we conclude that the magnetic intensity 
produced at P by the moving charge is — ^ ^ , and is perpen- 
dicular to the plane containing r and v. 

The second case is that of the motion of a charged particle 
in a region where the electric intensity and the magnetic intensity 
are both finite. Without loss of generality we may take the 
magnetic intensity H along the axis of Z , while the electric 
intensity has components X, Z in the plane xz. Then, since by 
the force on the particle we mean the product of its mass, m, 
and its acceleration, (5) becomes 

it ix — e ~- y — eX = 0 (15), 

+ = 0 (16), 

c 

mz-eZ = 0 (17). 


The solution of these equations is 

x = ( C ~ -f 0 — (1 — cos cot) + — sin cot (18), 

\ H /ft> ct> 
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u 0 , 1 v c 2 X 

y — (1 — cos cot) fT t 4- 


( ^ X \ 1 
r + tt h 


H 


) - sin (ot ...(19), 


0 

z~\z —V - 1- wjt 
6 m 


( 20 ), 


where u 0 , v 0 , w Q is the initial velocity of the particle starting from 
the origin and co — H/c 2 . elm. 

The following cases are of special importance in experimental 
investigation : 

(1) If the electron starts from rest in a purely electrostatic 
field Z y it moves, of course, in a straight line along the direction 


of Z and its velocity at any point ( z ) is 


is ( 2 ^ 

V m 0 ] 


and its energy eV, 


where V = Zz is the difference of potential through which it has 
fallen in moving from 0 to z. 

(2) If the electron starts with a velocity u 0 at right angles to 
the magnetic intensity and there is no electrostatic field, we have 


x = U ° am cot, y — — ^° ( 1 — cos wt), z — 0 (21). 


That is to say, the electron travels in a circle of which the radius 

is p = — in a plane perpendicular to the magnetic intensity; the 

speed of the electron remains unaltered since its acceleration is 
always perpendicular to its velocity. If the initial velocity has 
a component w 0 in the direction of the magnetic intensity, this 
component remains unchanged and the electron describes a spiral 
of constant radius and pitch about the axis of z . If Z is finite, so 
that there is an electric field in the same direction as the magnetic 
field, the radius of the spiral is constant, but the pitch continually 
increases. Thus in the case when there is no electric field per- 
pendicular to the magnetic field the electron tends on the average 
to travel along the lines of magnetic intensity; if this intensity is 
great the electrons travel in almost straight lines along the direc- 
tion of the magnetic field, as they travelled along the lines of the 
purely electrostatic field. 

(3) If Z=0 while X is finite, so that the electric and mag- 
netic fields are at right angles and u Q and w 0 are zero, the motion 
of the electron is given by 
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If c^X/H = — v 0 , this becomes x — 0 , y = v 0 t, z — 0 . Thus if the 
fields are at right angles and the electron is projected perpendi- 
cular to both of them, it will travel in a straight line unaffected 
by the fields, if their strengths are so chosen that c-XjH = — v 0 . 


$ 17. It will also be convenient to indicate here the principles 


The charge on 
an electron. 


of the methods by which the charge and the mass of 
electrons are determined. 


To determine the charge on an electron the only method avail- 
able is to measure directly the total charge, Ne, on a collection of 
electrons, of which N, the number, is known. The problem thus 
reduces itself to that of determining N. In one of the best methods 
the conditions of experiment are so arranged that N is known to 
be 1, in others the value of N is calculated by means of some 
theory. The first method and most forms of the second depend 
upon phenomena which will be considered at length later, but 
there are some forms of the second method which depend only 
on the results of the dynamical theory of gases, which does not 
require special treatment in this volume. These methods will 
be considered briefly here. 

There is every reason to believe that the charge carried by 
a univalent electrolytic ion, such as the hydrogen ion, is e. The 
hydrogen ion when it is discharged almost certainly becomes 
a hydrogen atom. In 1 gramme-molecule of hydrogen there are 
2v atoms, where v is the number of molecules in a gramme-mole- 
cule of any gas. Hence in order to liberate 1 gramme-molecule 
(=2 gms.) of hydrogen a quantity of electricity equal to 2ve must 
pass through an electrolyte ; this quantity has been determined 
with considerable accuracy to be 2 x 2*894 x 10 14 , and in order to 
know € we have only to find the value of v. 

Several lines of argument, based partly on the relation between 
the viscosity of a gas and the properties of its molecules and partly 
on estimations of the diameter of a molecule derived from the study 
of very thin films, have long been known which show that v is not 
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very different from 10 24 , but the uncertainties attaching to the 
various hypotheses made in arriving at this value are so serious 
that such arguments could never lead to an estimate which was 
known to be correct even within 100 °/ 0 . But the ingenuity of 
Perrin, who investigated the properties of a ‘ gas,’ the molecules 
of which were individually visible, has given us much more 
reliable information concerning the fundamental quantities of 
molecular theory. 

The 'gas’ which he used consisted of a suspension of very 
fine particles of mastic in water. It has long been known that 
such fine particles in suspension, having a diameter of the order 
of 10~ 4 cm., when viewed under the microscope, are seen to be 
affected by a continual irregular motion, known from the dis- 
coverer as ‘ Brownian motion.’ Recent investigations have con- 
firmed the view which has been held for some time that this 
motion is of the same nature as the thermal agitation of the 
molecules of a gas and is caused by the impact on the visible 
particles of the invisible molecules, the momentum of which is 
yet sufficient to set the larger bodies into a motion which can 
be observed. On this view the mean kinetic energy of one of 
the suspended particles is equal to the mean kinetic energy ( E ) 
of the molecule of a gas at the same temperature and is simply 

KT 

related to v by the equation E— § where R is the gas 

constant of which the value is known. Accordingly if the mean 
kinetic energy of one of the suspended particles can be determined, 
the value of v and therefore of e can be deduced. 

This value of the mean kinetic energy was measured by Perrin 
by observations on the distribution of the particles in a vertical 
plane. If the particles had no kinetic energy they would all sink 
under gravity to the bottom of the vessel ; but since they possess 
such energy, while some sink others are carried upwards ; an 
equilibrium is attained in which the number of the particles in 
any horizontal layer decreases with increase of the distance of 
that layer from the bottom. The greater the mean kinetic 
energy, the greater is the proportion of the particles found in 
the higher layers; calculation by the methods of the dynamical 
theory of gases leads to the conclusion that 



18] 


THE ELECTRON THEORY 


27 


10 %= l wo *- d - A ' 

where d is the difference in the densities of the particles and 
of the water, and n 2 are the numbers of the particles in 
two planes of which the first is a distance h above the second 
and a is the radius of the particles. These three quantities can 
be determined by direct observation and lead at once to values 
for E , v and e. By this method e was found to have the value 
4*2 xlO -10 ; the other methods described later give values 10% 
to 20% higher, but it is unnecessary in this volume to enter on 
a criticism of the relative weights to be given to the different 
determinations. 


The mass of 
an electron. 


18. The mass of any body is measured by observing its 
acceleration when it is subjected to known forces. 
It is a fundamental assumption of electronic theory 
that the only forces which can act upon an electron are the 
electrostatic and magnetic forces related to the electric displace- 
ment and the magnetic intensity by (5); these latter quantities 
can be measured by means of (2) and (9), but since the force 
determined by them always contains the factor e, it is clear that 
observations of the acceleration of an electron can never give 
directly a value for m 0 , but only a value for e/m 0 ; in order to 
deduce m 0y the value of e must be ascertained by one of the 
methods just mentioned. 

Two principal methods, based on the results which have just 
been given, have been used for measuring the quantity 
In the first method the electrons starting from rest are caused 
to acquire a known velocity by falling through a known potential 
difference (V) in the absence of a magnetic field, as in case (1). 
The electrons are subsequently made to travel, as in case (2), 
perpendicular to a magnetic field of known intensity in the 
absence of an electrostatic field ; p, the radius of curvature of their 
path, is measured, and this quantity together with the known 
values of H and V are sufficient to determine e/ra 0 . For we have 

e/m 0 = vc 2 I pH (23), 

27F 




m Q 


where 
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The second method differs from the first only in the means 
adopted for obtaining electrons travelling with a known velocity. 
A bundle of electrons travelling with unknown speeds are made 
to travel, as in case (3), between two parallel plates a very small 
distance apart ; an electric field X is established perpendicular to 
the plates and a magnetic field H parallel to them. Only those 
electrons for which Vq- — c*XIH travel in straight lines and, con- 
sequently, only these electrons emerge from between the plates ; 
electrons with higher or lower velocities strike one or other of 
the plates. The emergent electrons of known uniform velocity 
are then made to travel through a pure magnetic field and the 
value of e/rn Q found from (23). This second method is that which 
yields the most accurate results ; recent determinations show that 
the value of e/w„ for electrons moving with velocities which are 
a small fraction of the velocity of light is 5*31 x 10 17 . 

When we have determined the mass of an electron and the 
charge carried by it, we know all those properties of it which are 
independent of the nature of any material body. We have 
completed our survey of the properties of electricity and must 
turn our attention to the relations between electricity and 
matter. 


Refekences. 

An admirable account of general electromagnetic theory and of the 
relation of the fundamental equations to the experimental evidence is given 
by Lorcntz in his Theory of Electrons. I know of no other English treatise 
which can be recommended with confidence. D rude’s Physik des Aethers is 
excellent. 

Faraday’s theory is described in his Experimental Researches in Electricity 
and Magnetism, of which the following sections are the most important 
1231, 1613-1610, 3070-3209. 

J. J. Thomson’s developement of the theory is given in his Recent 
Researches in Electricity and Magnetism , chap. I and in his Electricity and 
Matter y chap. I. 

The complete theory of the motion of an electron in electric and magnetic 
fields ($ 16) is given in J. J. Thomson’s Conduction of Electricity through Gases, 
chap. iv. 
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19. In the earliest period of electrical science material bodies 
Classification were classified in respect of their electrical properties 
of materials. ag dielectrics and conductors, in respect of their 
magnetic properties as magnetic or non-magnetic. At the time 
when the older electrical theory culminated in the work ot 
Maxwell it had been discovered that the classification was not 
of universal application, but it was thought that all the electrical 
and magnetic properties of any body could be sufficiently repre- 
sented by three constants, the dielectric constant, the conductivity 
and the magnetic permeability. We have seen that this view is 
also inadequate and that a knowledge of these three quantities 
is not sufficient to determine completely the electrical behaviour 
of a body, but we shall find it convenient to adopt the classifica- 
tion and to make use of the constants. We shall suppose that 
there are dielectrics which have no conductivity and bodies of 
which the permeability is unity, and a consideration of the 
nature of the three constants will occupy a large part of our 
attention. 

The problem which will concern us in the next three chapters 
is that of forming a new and more perfect theory as to how 
dielectrics differ from conductors and magnetic from non-magnetic 
bodies, and how the various members of each of these four classes 
differ amongst themselves. In the last chapter were enunciated 
the fundamental assumptions on which any such theory is to be 
built; all electric and magnetic phenomena are to be regarded 
as the effects of changes in the distribution or the motion of the 
electrons, the properties of which have been stated. Accordingly 
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we must seek for the difference between a conductor and a 
dielectric or between a magnetic and a non-magnetic body in the 
circumstances of the electrons contained in that body. 

The second difference will not concern us at present, for we 
shall suppose that all the bodies considered are non-magnetic. 
The nature of the first difference is suggested to us by a very 
simple observation, the oldest interpretation of which has only 
to be translated into the terms of our theory in order to be 
satisfactory for our purpose. 

20. If a charged body is brought near to one end of a bar 
Dielectrics and composed either of dielectric or of conducting 
conductors. material, it is observed that there is ‘ induced 9 on 
that end a charge opposite in sign to that borne by the charged 
body and on the other end a charge similar to that borne by the 
charged body. If the bar is cut in half while under the influence 
of the external charge, then, if it is composed of conducting 
material, it is observed that the two halves are permanently 
charged ; but, if it is composed of dielectric material, the two 
halves when removed from the neighbourhood of the charged 
body are found to be uncharged. The ‘ fluid ’ theory of electricity 
offered an easy explanation of these observations. The neutral 
bar was supposed to contain equal quantities of electricity of 
opposite signs which normally counterbalance each other exactly. 
But when the bar is brought into the neighbourhood of a charged 
body, the electricity on that body attracts the opposite fluid in 
the neutral bar and repels the similar fluid ; these two fluids 
accordingly tend to move to opposite ends of the bar. In a 
conductor the fluids are supposed to be able to move freely, so 
that a complete separation of them is effected, but in a dielectric 
they are not so free to move and the separation is not complete. 
The experiment of cutting the bar gives us information as to how 
far the electricities can be separated in a dielectric. It might 
seem that, if they were separated at all, it ought to be possible 
to find some place where a cut across the bar would leave an 
excess of opposite electricities on the separated portions. But, 
according to the molecular theory of matter, there are limits to 
our powers of mechanical division ; we cannot cut across a 
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molecule. The fact that no section of the dielectric bar separates 
the opposite electricities, while any section of a conducting bar 
separates them, shows that in a dielectric the opposite electricities, 
though separated, are always contained in the same molecule, 
while in a conductor they can be separated into different mole- 
cules; the electricities in a dielectric are only free to move within 
the molecule, those in a conductor are free to move from one 
molecule to another. Mosotti expressed this conclusion when he 
pointed out that a dielectric behaves like a collection of conducting 
molecules separated by a vacuum. 

21 . We have only to replace the 'fluid’ electricity by a 
Lorentz’s collection of electrons to obtain the modern view 
theory. 0 f ^ djff erence between dielectrics and conductors. 

Dielectrics are bodies in which the electrons cannot move outside 
the molecules in which they are contained ; conductors are bodies 
in which the electrons can move freely throughout the body and 
are not confined within molecules. Dielectrics differ mainly in 
the forces which act upon the electrons within the molecules, 
preventing them from leaving the molecules ; conductors differ 
in the forces which act upon the electrons when they have escaped 
from the molecules. This is the simple explanation which the 
electron theory has to offer of the distinction between dielectrics 
and conductors. 

The explanation of the properties of dielectrics by means of 
discrete charged particles confined within the molecules was first 
offered by H. A. Loren tz in 1878. In his earliest memoirs, Lorentz 
made no assumption as to the magnitude or the sign of the charge 
on these particles, for no assumption was necessary for his purpose ; 
but he assumed that the charge was always of the same magnitude. 
The idea of an atom of electricity common to all substances was not 
new; it had been suggested by several earlier writers as a natural 
consequence of the atomic theory of matter applied to the facts of 
electrolytic conduction ; and as soon as any question was raised as 
to the magnitude of the charge on the particles imagined by Lorentz 
the answer was immediately given that it was the charge carried 
by the hydrogen ion. Nevertheless the application of the concep- 
tion to other electrical phenomena was an immense advance in 
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electrical theory and made possible all the greater advances that 
followed as a natural consequence. 

22. We may now proceed to calculate a relation between the 
The dielectric dielectric constant of a substance and the circum- 
constant. stances of the electrons contained in its molecules. 

Let us imagine a slab of the substance placed between two parallel 
plates charged with opposite signs. Before the slab was placed 
between the plates the electric intensity in the region between 
them was determined by the surface density of the charge on the 
plates. If this electric intensity is E oy the force acting on a charge 
e between the plates is E 0 e. When the slab is not acted on by an 
external charge the electrons in its molecules take up such a posi- 
tion that the molecule exerts little or no external electrostatic force; 
but when it is brought between the plates, each electron is dis- 
placed a distance x towards the positive plate, leaving the rest of 
the molecule positively charged. Accordingly on the face of the 
slab nearest the positive plate there will be a layer of electrons 
and on the face nearest the negative plate a layer of positively 
charged molecules ; in the interior of the slab there will still be 
no charge on the average. There is now added to the electric 
intensity due to the charges on the plates that due to the surface 
charges on the faces of the dielectric, and the latter quantity will 
be in the opposite direction to the former. Hence, if the electric 
intensity in the region between the plates is now E } , E l will be 
less than E 0 . The dielectric constant of a medium is defined as 
the ratio of the electric intensity due to a given charged system 
in a region where there is no material substance to the electric 
intensity due to the same charge in the same region if occupied 

E 

by that medium. Hence K = 

The distance x through which the electrons will be displaced 
is determined by the equilibrium of the force E x e acting on them 
with the force, due to the positive charge on the molecule, 
which restrains them from leaving it. We will suppose that the 
restraining force is proportional to x , say fx . Then E ^ = fx. 
If N is the number of electrons in unit volume of the substance, 
the number to be found in unit area of the charged layer on 
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the face of the slab is Nx ; the surface density of the charge 
on either of the faces is Nxe, and, by a well-known theorem, 
the electric intensity due to these surface charges is 47 rNxe. 
Accordingly 

E 1 = E 0 — 4nrNxe = E q — 47riYe 2 . (24) 


5- k- 1 + ^ 5 '’. 


The expression deduced for K contains two unknown quanti- 
ties, N and f ; we know that N cannot be less than the number 
of molecules in unit volume, for each molecule must, on our 
theory, contain at least one electron, but we know nothing 
whatsoever about f A direct comparison of the observed and 
calculated values is impossible, but it is possible to obtain some 
test of our theory by means of observations on the variation of 
the dielectric constant of the same substance with a change in 
its density due to a change of pressure or temperature. Since 
in such cases the density d is simply proportional to the number 
of molecules in unit volume, N is proportional to d ; f is inde- 
pendent of rf, if the restraining force on an electron is determined 
wholly by the nature of the molecule in which it is contained and 
not by its relation to other molecules. In this case 


K-l oc d 


(26). 


This relation has been found to hold very accurately between the 
dielectric constant and the density of a gas. 

When solids or liquids are investigated the relation is found no 
longer to be accurate ; in these denser bodies the molecules are so 
near together that f is determined partly by the forces exerted on 
an electron by the fields of the neighbouring molecules. The field 
inside the dielectric, though uniform on a large scale, is not uniform 
on a molecular scale ; each electron is displaced from the position 
in which it would neutralise the positive charge on the molecule, 
and the system has a finite electrostatic field which is appreciable 
at distances comparable with the displacement of the electron. 
If we assume that the other molecules are distributed on spherical 
shells round the molecule under consideration, the electric intensity 

3 


C. E. T. 
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acting on this molecule due to the others is the same as that inside 
two equal spheres, uniformly charged with equal and opposite 
densities ± Ne, the centres of which are a distance x apart. 
This electric intensity is f 7 rNex and tends to drag the electron 
out of the molecule. Accordingly, if the force exerted on the 
electron by the molecule to which it belongs is f'x, the whole 
force on it will be {f' — $irNe 2 )x. f is, of course, independent of 
the density, so long as the nature of the molecule is not affected ; 
hence 


K= 1 


4 7r Ne 2 

+ f-^NC 


( 27 ) 


f t 


whence 


K — 1 47 rNe- 1 

K+ 2 = “ 3 / Xd 


(28). 


The following table shows that when the temperature is 
changed the relation between the dielectric constant and the 
density predicted by (28) agrees satisfactorily with that deter- 
mined experimentally. 


TABLE I. 


Water 

d 

K (observed) 

K (calculated) 


0*9971 

75-7 



0-9954 

73 7 

72-6 


0-9988 

78-7 

79-2 


0-9997 

80-2 

81-2 


1-0000 

82-3 

81-8 

Benzol 

0-883 

2*336 



0-841 

2*243 

2*246 

Alcohol 

0*8009 

25-7 



0-8129 

27*5 

29-6 


It should be remarked that (28) can be deduced also from 
Mosotti’s theory of the nature of the dielectric constant. So far 
the only advantage which Lorentz’s theory has over its predeces- 
sors (it is certainly a great advantage) is that the latter makes 
the distinction between dielectrics and conductors absolutely 
fundamental and incapable of explanation, while the former 
attribute the properties of substances of both kinds to agencies 
essentially similar. 
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23 . It is when we turn our attention to the rapidly varying 
Therefrac- electric fields which constitute light that the im- 
tion of light. mense advance made by Lorentz becomes apparent. 
We have assumed so far that the electrons take up such positions 
that they are in equilibrium under the forces acting on them, and, 
of course, so long as those forces are constant, this assumption 
must be true. But if the fields change, it is by no means certain 
that the electron will occupy at every instant the position in which 
it would be in equilibrium with the forces acting on it at that 
instant. Bodies which possess a finite mass require a finite time 
to reach a position of equilibrium, and if the force is reversed 
before that position is attained, equilibrium will never be attained 
at all. In general, the displacements of a system possessing mass, 
acted upon by rapidly alternating forces, decrease as the rapidity 
of the alternations is increased. Now it has been pointed out that 
the value of the dielectric constant of a body appears to be less for 
alternating than for steady forces. On our theory the magnitude 
of that constant is determined by the distance through which the 
electrons are displaced by a given force ; if the electrons possess 
mass, this distance will be less when the force alternates than 
when it is steady, and we should expect just such a variation of 
the dielectric constant as has been found. In dealing with optical 
phenomena the most important feature of the electron theory is 
not the assumption that charges are distributed discontinuously, 
but the assumption that the particles on which they are distributed 
possess a finite mass. 

It is possible to predict from general principles and without 
any detailed calculation the nature of the influence which the 
electrons contained in a dielectric will exert upon a wave of light 
passing through it. The alternating electric field in the light will 
set the electrons in the dielectric into ‘ forced vibrations ’ of its 
own period, and consequently the lines of force attached to these 
electrons will be made to vibrate and along them will travel 
disturbances such as we considered in § 10. These secondary 
vibrations will be emitted equally in all directions, but they will 
‘interfere’ with each other and with the primary vibrations of 
the lines of force which form the incident light. The application 
of the well-known Huyghens principle shows that outside the 

3—2 
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medium the result of this interference is the propagation of a 
reflected wave making the same angle with the normal to the 
surface of the dielectric as the incident wave. Inside the medium 
there will be a refracted wave, the direction of which is determined 
by the speed with which light travels in the medium. This speed 
is determined by the tension and the mass of the lines of force, 
and both these quantities depend on the number of lines of force 
around the line along which the disturbance is travelling. The 
displacements of the electrons, as we have just seen, will cause 
the developement of secondary lines of force connecting the dis- 
placed electrons with the positive molecules ; accordingly the 
tension and the mass of the lines of force along which the primary 
disturbance is travelling will be changed and the speed of propaga- 
tion of the disturbance will change also. 


24 . To calculate the new speed of propagation the fundamental 
The refractive equations of the last chapter may be employed. .We 
.ndex. will consider the simple case of a plane light wave 

travelling in the medium along the axis of z\ the electric displace- 
ment in the wave-front is taken parallel to x> and consequently 
the magnetic intensity is parallel to y. The disturbance is sup- 
posed to be simply periodic in time and space ; consequently D , 
the electric displacement, may be assumed to have the form 

<**-«*> (29). 

If v is the frequency of the vibrations 1 and X their wave-length, 
v their velocity, 

9 _ 

v=P/2tt (30); \ = — (31); v = \v=p/q (32). 

Inside the medium the electric displacement in the wave-front, 


A, is given, as in (24), by the equation 

D, — B — Nex (33), 

where x is the displacement of the electron. 

The equation of motion of the electron is 

m 0 x +/x- 47 re A = 0 (34). 


1 I.e. the number of complete vibrations in 1 second ; the word is used by some 
writers to denote the number of vibrations in 2*- seconds. 
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(33) and (34) are satisfied by 

* + D ( 35)> 

A = ? — D (38). 

/ — + 47riW 

If in (34) we put A = 0, we obtain the equation of the 'free 
vibration’ of the electron ; its 'natural frequency,’ v 0 , is given by 

iV-t-v ' (37). 

47T“m 0 

The magnetic intensity in the wave-front, /3, is given by (9), 
which in this case reduces to 

< 88 * 

since p = Ne. 

On the other hand (7) becomes 

w —* < 3! »- 

TT Ti 7 \ A o d 2 A 

Honce didi-- ir dP (D ' + Na) — Wc ’dF <“>' 

d 2 D _ 7rm„(iv - v‘) d 2 D 

° r dt 2 ~ 7rm 0 (V -v 2 ) + NS C dz 2 (4 ) ' 

But from (29) 

d 2 D ,. ax d 2 D n ,. 0 . 

W = (42); (43) ’ 

so that ~ 2=Vi== C “ ( 44 )- 

1 + irm 0 {p 0 2 — v 2 ) 

c 

Now n> the refractive index of the dielectric, is - ; hence, finally, 

(15) - 

According to the older theories of light the optical properties 
of a transparent medium are completely determined by its refrac- 
tive index ; this quantity determines not only the direction of the 
refracted ray, but also the intensity of the reflected and refracted 
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rays. A very brief examination would show that our theory agrees 
in this respect with others. The relative intensities of the incident, 
reflected and refracted rays can be calculated from a consideration 
of the relations between the various electric and magnetic quan- 
tities on either side of the boundary of the medium which must 
hold according to general electromagnetic theory, but the calcula- 
tion need not be detailed here. In this matter the theory which 
has just been developed agrees completely with Maxwell’s theory, 
the conclusions of which were enumerated in § 13. 


25. Let us now compare our theory with the experimental 
facts. 

Dispersion. . it 

In the visible spectrum most transparent bodies 
show * normal dispersion,’ that is to say the refractive index in- 
creases with the frequency of the incident light. Many formulae 
have been proposed at various times to represent this dispersion. 
Of these two are of especial importance for our purpose. The 
first is purely empirical and unfounded on any theoretical 
basis : — 


?i 2 = - A'T 2 + A + BT- 2 4 - cT 7 " 4 (46), 


where T — 1/v, the period of the light. 

The other formula was originally propounded by Sellmeier and 
extended by Helmholtz and Ketteler, by whose names it is gene- 
rally known. It is founded upon a theory similar in some respects 
to that which has just been propounded. It is assumed that the 
dispersion is determined by the presence in the refracting medium 
of systems having definite ‘ free periods ’ of vibration which are 
set into ‘forced vibrations’ by the incident light. It can then 
be shown on general dynamical reasoning that the relation between 
n and X, the wave-length in vacuo of the incident light, should be 
of the form 


n 2 


= 1 + 


MX 2 
\ 2 - V 


■( 47 ), 


where \ is the wave-length in vacuo of light having the same 
frequency as the free vibrations of the vibrating systems in the 
medium. There are only a few substances the dispersion of which 
is represented with sufficient accuracy by this formula throughout 
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the visible spectrum ; but if an additional constant is introduced 
and we write 


n 2 = M 0 + 


M\ 2 

A, 2 - V 


(48), 


then the dispersion of almost all transparent substances is repre- 
sented with sufficient accuracy throughout that region. M 0 and 
M are positive quantities. 

The necessity for the third constant was explained by Helm- 
holtz on the assumption that the medium contains more than one 
kind of vibrating system. If there are several such systems with 
different periods of free vibration, then (47) becomes 


7l 2 = 1 + 


M,\ 2 

A 2 - V + 


M.X 2 A 2 

* ' t- . . . 4- - 

A A2 A# /v^ 



• •(49), 


where the suffixes 1, 2, ... n denote quantities referring to the 
different systems. This relation may also be written 

«-* + S i7#-V <5«>, 


where B 0 = 1 + %M n (51) and B n = M n A n 2 (52). 


Both (40) and (48) may be regarded as special cases of (49). 
Thus, if the frequency of one of the vibrating systems is very 
much greater than that of the incident light, so that A n is very 
much smaller than A, the term representing the effect of this 
system becomes M n . If the medium contains one other system 
executing free vibrations with a frequency comparable with that 
of the incident light, but still greater than that frequency, (49) 
reduces to (48), if M 0 — 1 + M n . 

Again, suppose that the medium contains systems of two kinds, 
one executing vibrations of a frequency considerably greater and 
the other executing vibrations of a frequency considerably less 
than that of the incident light. Then since for the former system 
(suffix v) \ v is less than A, and for the latter (suffix r) A r is greater 
than A, we may write (49) in the form 

■*- 1+ *( 1 - W~ l (» - -v)" - <a,) ' 
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If we neglect the higher powers of ~~ and ™ , (53) becomes equiva- 

a Ay- 

lent to (40), if we write 

A' = ; A = 1 + M v ; B = M v \ v */c » ; C = Jf,V/c* . . .(54). 

Ay- 

It appears then that, on the Helmholtz-Ketteler theory, a sub- 
stance which shows ‘ normal dispersion ’ for visible light is one 
containing systems the free vibrations of which differ very greatly 
in frequency from visible light; the frequencies of these free vibra- 
tions are those of light far in the ultra-violet or far in the infra-red. 
The best test of the theory will be obtained by examination of the 
refractive index of a medium for light the frequency of which is 
near that of the vibrating systems contained in it. For it will be 
seen that the refractive index should undergo remarkable changes 
in such regions of the spectrum ; when frequency of the incident 
light is just less than that of the vibrating system the refractive 
index should be very large, when it is just greater, the refractive 
index should be very small 1 ; in such a region the substance 
should refract light of less frequency more than light of greater 
frequency. Such a phenomenon, when it occurs in the visible 
spectrum, has been termed * anomalous dispersion ’ ; we arrive 
at the conclusion that a substance should exhibit normal dis- 
persion when the frequency of the incident light is very different 
from that of the free vibration of any system contained in the 
substance, and should exhibit anomalous dispersion when the 
frequency of the incident light is near that of one of those 
vibrations. Normal and anomalous dispersions are not separate 
phenomena characteristic of different substances, but inseparable 
phenomena which will always be exhibited by the same substance 
in different parts of the spectrum. 

To test this prediction of the theory by direct determination 
of the refractive index of some substance throughout the whole 
spectrum is impossible on account of the difficulties which attend 
the examination of ultra-violet and infra-red radiations. But the 
test may be made by other methods, to understand which it will 

1 Between these values there is a range of frequencies for which n is imaginary ; 
the meaning of this result is discussed in § 29. 
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be well to compare this theory with the electronic theory ex- 
pounded in § 24. 


26 . The electronic theory differs from the Helmholtz-Ketteler 
theory only in making definite assumptions as to the 

Comparison 7 .... . 1 

with the constitution of the vibrating systems; the formulae 

theory of the former must be special cases of those of the 

latter. If we had supposed the medium to contain several kinds, 
and not only one kind, of vibrating electrons, we should have 
obtained in place of (45), 

W 2 = 1+2 p'f (55). . 

irm 0 (v n 2 — v 2 ) 

(The electrons of different kinds are supposed to have the same 
charge and mass, but to be attached differently to the molecules, 
so that the quantities / n , determining the restraining forces on 
them, are different.) 

Since \ = c/v, (55) reduces immediately to (49) if we put 
r N n € 2 \ n 2 / C /n 


7 rm 0 c 2 


and reduces to (50) if we put 

£„ = 1 + 2 N ^ X n ( - 


iV n e 2 V 


Accordingly all the conclusions which we have drawn as to the 
nature of normal and anomalous dispersions follow directly from 
the electronic theory of dielectrics. 

Before we proceed to examine more nearly these conclusions 
we may revert for a moment to the relation between the dielectric 
constant and the refractive index, the failure to explain which was 
the main deficiency of the Maxwellian theory. 

If we had supposed that the medium contained more than one 
set of electrons, the electrons of different sets being attached to 
their molecules by different forces, we should have obtained in 


place of (25) 


if=l + 2 4 ^ ne2 =l+S 


By comparison of (59) with (57), we see that K — B 0 . Now if \ is 
very large compared with any of the \ n ’a, (50) reduces to n 2 = B 0 . 
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Hence we see that K = where m b is the refractive index of the 
medium for very long waves. Since long waves correspond to 
small frequencies, we arrive at the conclusion which we anticipated 
before, that the Maxwellian theory, according to which K = ti 2 , is 
quite adequate so long as the electric fields considered by it change 
slowly, and that it fails only when the changes are very rapid. 

When the values of the constants in (50) are determined from 
observations of the refractive index for visible light it is still found 
that the relation K = B 0 is not accurately true in all cases. And 
this result is to be expected. For if a substance contains «a 
vibrating system the frequency of which corresponds to light far 
in the infra-red, this system will exert hardly any influence on the 
refractive index for visible light and the observations of visible 
light will not lead us to suspect the presence of such systems. 
Since these systems will affect appreciably the value of the 
dielectric constant, the value of K calculated on the assumption 
that the systems are not there will be incorrect. 

The approximate formula (46) is better adapted than (50) for 
testing our theory by comparisons of the refractive index and the 
dielectric constant. We have from (59), (56), (54) 

K=l + M v + M r ; K-A = M r = A'\ r 2 jc 2 (60), 


or 


K -A _ V 
A' c 2 


(61). 


Accordingly from the difference between the dielectric constant 
and the constant term A in the formula for the refractive index, 
we can calculate the frequency of the more slowly vibrating 
systems in the medium. It is, of course, these systems which 
make the Maxwellian theory inapplicable, for their vibrations 
are slow compared with those of visible light, but fast compared 
with those of the fields employed for measuring K ', and they will 
influence the values of ri 2 and K in opposite directions. One 
numerical example may be given. For water, a substance showing 
a very large discrepancy between K and the value of ri 2 for visible 
light, 

K = 76, A = 1*77, A' = l-15xl0*\ 

74*2 

whence X r 2 = 9 x 10 20 x T „ x 1 0 -27 , 

Tlo 


\ r = 7*6 x 10~ 3 cm. 


or 
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(The wave-length of yellow light is about 5x1 0“ 5 cm.) Experi- 
ment shows that water possesses several systems the frequencies 
of which lie in the region of the infra-red indicated. The most 
marked of them has a frequency corresponding to a wave-length 
4 x 10 -3 cm. The approximate agreement of the calculated and 
observed values is very strong evidence for the electronic theory 
of dielectrics. 


27. 

Selective 

reflection, 


Now let us revert to the consideration of what happens 
when a medium is acted upon by light of which the 
frequency is very near that of one of the vibrating 


systems in the medium. If v~v 0 , so that p 2 = f/' m , we see from 


(36) and (87) that D 1 = 0, and x = 


Ne * 


The electron appears no 


longer to be acted upon by a restraining force, but occupies at 
each instant such a position that it neutralises the electrostatic 
field completely. But according to our theory a conductor is a 
substance in which the electrons are not subject to a restraining 
force and in which they can move so as to make the electric 
field in the substance zero. A substance acted upon by light of 
which the frequency coincides with that of one of its own free 
vibrations should behave towards that light as a conductor. 

In the next chapter we shall examine more closely the optical 
behaviour of conductors ; but it is well known that the most 
striking feature peculiar to conductors is the intense reflection 
which is shown by metals. We should expect then that a sub- 
stance would reflect metallically light which has the same 
frequency as one of its free vibrations. And this expectation is 
confirmed by experiment. In a region of the spectrum in which 
a body shows anomalous dispersion it also possesses very great 
reflecting power. 

The power of a dielectric to reflect selectively light of a 
frequency equal to that of the electrons in its molecules has 
been used by Rubens and his collaborators to isolate such light. 
If a beam of light of all frequencies is reflected from the surface 
of a dielectric, the reflected light contains a much larger propor- 
tion of those frequencies which are reflected metallically than of 
any others, and if the reflection is repeated several times the 
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beam ultimately consists only of these frequencies. The rays 
obtained by this method of repeated reflections from surfaces of 
the same dielectric were termed by Rubens “reststrahlen” (or 
“ remaining rays ”) ; their wave-lengths could be measured in the 
ordinary way by the use of a diffraction grating. These wave- 
lengths are to be identified with the X ?l ’s of formula (50) ; if all 
the X n ’s could be determined in this way the validity of (50) could 
be tested with great accuracy by discovering whether values of 
B n could be assigned which would make the calculated and 
observed values of the refractive index agree for all possible 
wave-lengths of the incident light. Unfortunately, however, it 
is possible by this method to ascertain only those values of X n 
which lie in the infra-red ; the isolation of the ultra-violet 
reststrahlen is more difficult, partly on experimental grounds 
and partly because 1 the reflecting power of a substance in the 
neighbourhood of a free period, like that of a metal, decreases as 
the refractive index increases (see p. 63) and is less if the free 
period is in the ultra-violet than if it lies in the infra-red. The 
values of X n in the ultra-violet have to be ascertained by dis- 
covering what value suits best the experimental results; but it 
is found that a complete agreement can be attained by assuming 
that there is only one \ n in the ultra-violet and that it lies in 
a part which is inaccessible to direct observation. Among the 
substances which have been investigated in this way by Rubens 
is quartz (the ‘ ordinary ray ’). By the reststrahlen method it was 
found that the values of X n in the infra-red should be 

Xj = 8*85 x 10“ 4 cm. ; X. 2 = 2075 x 10~ 4 cm. ; 

the value of X n in the ultra-violet and the values of B n corre- 
sponding to the three values of X n which accorded best with 
observation were found to be 

X 8 = 0*10495 x 10- 4 , 

B 0 = 4*34048, 

B, = 105354 x 10~ 10 , 

B x = 4*7453 x 10- 7 , 

B 2 = 5*9298 x 10~ rt . 

In the following table the calculated and observed values for n are 
compared. 
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TABLE II. 


X x 10 4 

n obs. 

n calc. 

0*185 

1 -67571 

1-67570 

visible J 0-394 

1-55846 

1-55839 

spectrum \0‘656 

1-54189 

1-54200 

1-160 

1-5329 

1-5331 

4-20 

1-4569 

1-4571 

6-45 

1-274 

1-234 

51-2 

2-46 

215 

61-1 

2-12 

213 

00 

2-08 = JK 

2-08 


The agreement between the observed and calculated values 
leaves room for no doubt whatever that the theory of dispersion 
which is based on the electronic theory is substantially accurate 
in its application to dielectrics. 

The theory has also been tested by careful examination of the 
variation of the refractive index with the wave-length in the 
neighbourhood of one of the free periods. It is convenient to 
choose for this purpose a substance which has a free period in 
the visible spectrum. The most extensive measurements of this 
nature are those of R. W. Wood, and their results accord well with 
the predictions of the theory. However, in general the propaga- 
tion through a medium of light the frequency of which coincides 
nearly with that of one of its free vibrations is complicated by 
phenomena which we shall consider shortly, so that the formulae 
which have been developed so far are not applicable. 


28 . We must now notice briefly the most important con- 
Consequences sequences of the electronic theory of dispersion, 
electronic I n (57) and (58) relations are stated between the 
theory. quantities B n> \ n which may be measured ex- 

perimentally and the quantities N nt e, m 0 which determine the 
properties of the electrons. It is easy to see that a knowledge of 
the former quantities may be used to give valuable information 
about the relations of the vibrating systems to the molecules in 
which they are contained. 

7? N f' 2 

We have '■ = — — (62), 

X n 4 7 m 0 c 3 

where N n is the number of electrons in unit volume which have 


We have 
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a free period corresponding to A^. N n must be proportional to 
N\ the number of molecules in unit volume, since all molecules 
are supposed to be the same. Let N n = p n N\ where p n is now 
the number of such vibrating systems in each molecule. Let 
W be the molecular weight of the substance referred to the atom 
of hydrogen as unity, and let the mass of this atom be mj t . Then 
Wm h is the mass of each molecule and, if d is the density of the 
substance, 

N' = d/Wm h (63). 


Now (see p. 25) we know that the total charge on all the atoms 
of hydrogen in one gramme of the substance is 2*894 x 10 14 . 
Hence m /, = (2*894 x lO 14 )"" 1 e, since each atom bears the charge 
€. So that 


whence 




. . ijr- '' ^'894 x 10 14 x — — 
X n 4 We trm 0 c 2 

Bn W 


p n . e/m 0 = 9‘8 x 10 6 . ~ . -4- 


.(64), 

.(65). 


We will apply (65) to the figures given for Quartz (Si0 2 ) on 
p. 45. We have W = 60*4, d = 2*65. Hence, using the suffixes 
1, 2, 3 to denote respectively the two systems having free periods 
in the infra-red and the one system having a free period in the 
ultra-violet, we have 

e/m 0 = 2*04 x 10 18 , 
p 2 .e/m {) = 7*19 x 10 18 , 
p 1 . €/m 0 = 1*73 x 10 14 . 

The value of e/m 0 deduced by other methods is 5*31 x 10 17 (see 
p. 28). 

We readily conclude that is 3 or 4 1 ; that is to say, that in 
each molecule there are 3 or 4 electrons which vibrate with the 
same period, corresponding to a wave-length, 0*105 x 10 -4 cm., far 
in the ultra-violet. But the values corresponding to the free 
vibrations in the infra-red do not accord at all with our theory; 

1 The value 4 is more probable than 3, for it is found that the value of e/?/i 0 
which gives the best agreement in these calculations is about 4*5 x 10 17 , considerably 
smaller than that given by other methods. The reason for the discrepancy is not 
accurately known ; it is probably due less to the deficiencies of the theory which 
are noted below than to our ignorance concerning the structure of the atom. 
A plausible hypothesis has been suggested by Koenisberger (Ann. d. Phys. 32. S45, 
1910). 
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since all the molecules are the same, p cannot be less than l 1 , and 
yet our calculations make it about 10~ 4 . 

A satisfactory explanation is easily found. The electrons are 
not the only charged systems in the medium which are subject 
to elastic forces and so have free periods which may affect the 
refractive index ; there are also the molecules or atoms in which 
the electrons are contained. These systems are left positively 
charged when the electrons are displaced and they are subject, 
as we saw in § 22, to forces arising from the charges on the 
neighbouring molecules ; under the action of these forces they 
may possibly vibrate in periods not very different from those of 
light. 

Let us suppose that part of the molecule, having a molecular 
weight W and bearing a charge ve, where v is some integer, is 
capable of executing such vibrations with a frequency corre- 
sponding to a wave-length X n . It will add to the value of ri 2 a 


B 

term n 2 ; and the value of B n may be obtained from (59) by 

A/ X n 

replacing N n by N\ e by ve , and m 0 by W'm h , the mass of the part 
of the molecule. 


Hence 

B n _ We 2 2 / e V- d 1 1 

X n 4 TrW'vihC 2 V vm/J W ’ 7tc 2 * W' 

(66), 

or 

W' = V\ X /. t X 2-95 x W 

B n W 

(67). 


Putting in the numerical values of X lf B x and \ s , B 2 for Quartz, we 
obtain from the former 


W’ = v * x 1-68 = 26*9, if v = 4, 

from the latter 

W' = v 2 x 4 05 = 16*2, if v = 2. 


Since the atomic weights of silicon and oxygen are 28*4 and 16 0, 
we can account for the free vibrations of Quartz in the infra-red 
on the assumption that one of them represents an atom of silicon 


1 There are certain substances, apparently chemically pure, in which the value 
of p is very much less than 1 for vibrating systems which are undoubtedly electronic, 
e.g. salts of neodidymium. No adequate explanation has been offered of those 
cases, which are entirely exceptional. 
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bearing a charge equal to that on 4 electrons, and the other an 
atom of oxygen with a charge equal to that on 2 electrons. 

In all other cases for which measurements are available similar 
results are obtained. It is always found that the vibrations in the 
ultra-violet are due to electrons and those in the infra-red to 
portions of the molecules. Such calculations throw valuable light 
on the constitution of molecules and the fundamental problems of 
chemistry; we shall consider some of the results obtained in a 
later chapter. It appears that the number of electronic free 
vibrations is determined by the nature of the atoms concerned 
rather than by that of the molecule as a whole; the electrons 
must be considered to belong to the atoms and to be an essential 
part of them, a conclusion which will be confirmed by evidence 
from all sources. 

Unfortunately the evidence as to the number of electrons 
belonging to each atom which can be derived from such con- 
siderations is not as definite as could be desired. It has been 
noted that the value of X n for the ultra-violet free periods cannot 
be determined by direct experiment ; it can only be deduced from 
the form of the dispersion curve ; if it should happen that there 
is more than one ultra-violet free period, the values of B n and \ n 
deduced from the dispersion on the assumption that there is only 
one will not be correct. 

Now there is certainly more than one free period in the ultra- 
violet. From (57), (58) we see that 

Bo- 1 = 2 ^ ( 68 ). 


But when the values of B 0 and B n determined experimentally are 
inserted in this equation, it is always found that the left-hand 
side is greater than the right-hand side, and this discrepancy can 
be explained readily if we suppose that there are in the atom 
electrons which have no influence on the dispersion because 
their free periods are very short compared with the frequency 
of any light with which investigations can be made. For a set of 
electrons (s) contributes to (50) two terms. Firstly there is the 
N 2 

term — * — * , which is independent of \ and is included in the 
irm Q c 2 
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constant term B 0 ', secondly there is the term — — ~~ , where 

K Aj 

N e a \ 4 

B h — 8 8 , which varies with X and influences the dispersion. 

7 rm 0 c 2 

If all our experiments are made with light for which X is very 
much greater than X 8 , the second term will be very small com- 
pared with the first ; B„ will be put equal to 0 and no term 
representing this group of electrons will appear on the right-hand 
side of (68). If we deduce the values of our B n ’ s from experiment 
we must take account of the group ( s ) with such very short 
periods by writing 


B _ 1 - v _ v N H e 2 X H l 

J 7 rm 0 c 2 ** 7 rm 0 c 2 


(69). 


It is found that the term on the right hand of (69) is usually not 
less than a tenth of the third term on the left. But since X s is 
very much smaller than any X n , must be very much greater 
than 2i\T„. We arrive at the very interesting conclusion that 
the number of electrons which have free periods very much less 
than that of the furthest ultra-violet which we can investigate 
is considerabl} 7 greater than the number of electrons which have 
free periods long enough to influence the dispersion in any 
possible experiment. The importance of this conclusion will 
appear later. 


29. Hitherto we have supposed that all the light which 
falls on the medium is cither reflected or refracted. 

Absorption. . . 

1 here is a third alternative which we have not con- 
sidered ; the light may be absorbed. In general, homogeneous 
dielectrics do not absorb light in most regions of the spectrum, 
but every medium absorbs light in a region in which it shows 
anomalous dispersion. The refusal of a substance to transmit 
light in such a region is due not only to reflection, but also to 
absorption; when the frequency of the incident light is near to 
that of one of the free vibrations of the medium, part of its 
energy is converted into some other form and appears in neither 
the reflected nor the refracted beam. 

We can easily account for this absorption by modifying 

4 


C. E. T. 
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slightly our assumptions concerning the motion of the electrons 
within the molecules. Hitherto we have supposed that all the 
forces acting on such electrons are c conservative ’ ; we will now 
suppose that there is also a force of the nature of friction, always 
acting in the direction opposite to that of the motion of the 
electron. For simplicity we will suppose that this frictional force 
is proportional to the velocity of the electron and will write for 
the equation of its motion, instead of (34), 


m 0 Iv 4 lex + fa — 47 reD x = 0 (70), 


where k may be regarded as a coefficient of friction. 

Proceeding in our calculations precisely as in § 24 we find 
that if the electric displacement in the incident wave is again 
given by (29) 




7TWo(zV J 

7rm 0 (v 9 * - 


2 — v 2 ) 4- \ ikv 
v 2 ) + \ ikv 4 Ne 2 


<f 


c 2 


1 


1 

Ne 2 

7 rm () (i/Q 2 — v 2 ) 4 \ikv 


(71), 


(72). 


The occurrence of complex quantities in the expressions for the 
amplitude and the velocity of the disturbance may seem at first 
sight to be difficult to interpret physically, but if we follow out 
our calculations consistently this difficulty will disappear. Let 


us write 

A+iB = ^i; P-iQ = <l (73). 

JJ p 

Then A = A (A + itt) e l ? - z > (74) 

= D 0 (A J + B-)b.e- J ’U*.e‘ JJ < t - 1 ’~ + d ) (75), 

where tan pS = B/A. 


The presence of the term S shows that there is a difference in 
phase between D x and 1), which is unimportant for our present 
purpose. For the rest, we see that the light in the medium has 
the same frequency, p/27r, as the incident light and that it travels 
with a velocity 1 /P; its amplitude decreases as the distance from 
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the surface increases, so that when the light has travelled a 
distance 2 in the medium the amplitude is reduced in the ratio 
of e~ p( * z to 1. If we define the absorption coefficient of the 
medium, tc , by the relation that the amplitude of the light is 
reduced in the ratio of e~ 2ltK to 1 in travelling through one 
wave-length, we have 

2t Tfc = pQ\, or k=Q/P (76), 


since 


A, 


1 _ 27 r 

pP = pP‘ 


Since n, the refractive index of the medium, is cP, we have 
from (73) 


t 

P* 


1 


cr 


„ n 2 ( 1 — l/c) 2 


(77), 


or, separating the real and imaginary portions of (72), 


47T?// 0 (zv — v 2 ) Ne 2 
4*7t' 2 Mq 2 (vh 2 — v*Y 4- k' 2 i> 2 


(78), 


Ne 2 kv 

47r"/n 0 - > ( iV — v 2 ) 2 4- k 2 v 2 


(T9). 


If k is small compared to m Q p t 0 , we see that the absorption 
coefficient is inappreciable except when v 0 and v are nearly equal ; 
there will be appreciable absorption only in the region where 
there is anomalous dispersion and in that region we shall 
have a well-marked ‘absorption band/ such as is always found 
experimentally. 

Several theories have been suggested as to the nature of the 
frictional forces which damp the vibrations of the electrons and so 
produce absorption of the light. The most plausible of them is 
due to Loren tz, who suggests that when the molecules in which 
the vibrating electrons are contained collide with other molecules, 
the energy of the vibrating electron is transformed into translatory 
motion of the molecules, producing a rise in the temperature of 
the substance. On this view (78), (79) must be modified slightly, 
and it appears that the frequency of the incident light which is 
most strongly absorbed is near to, but not identical with, that 

4—2 
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which is most strongly reflected or refracted. Such a difference 
between the wave-lengths of maximum absorption and maximum 
reflection is found in practice ; indeed the relations between n, k 
and v predicted by Lorentz’s theory are completely confirmed by 
experimental measurements. Considerable interest attaches to 
such measurements made within the region of anomalous dis- 
persion, for it has been shown recently that the relation between 
k and v can be used to deduce values for the number of electrons 
in each atom which have free periods in that region in much the 
same way as the relation between n and v was used for the same 
purpose in § 28. The values deduced by both methods agree well 
and perhaps the former are the more reliable, for all the optical 
phenomena within an absorption band are determined almost 
entirely by the electrons having free periods in that region 
and there are no doubts arising from the possibility of the 
existence of unsuspected free periods in other regions of the 
spectrum. 


30. We have supposed throughout that all the dielectrics 
crystalline considered are isotropic and have taken no account 

media - of the phenomena of double refraction and rotation 

of the plane of polarisation which are characteristic of some 
crystals. In a medium which refracts doubly we must suppose 
that the free periods of the electrons in the molecules are different 
according to the relation between the direction of the vibration 
and the optic axis; in a medium which rotates the plane of 
polarisation we must suppose that the free period is different 
when the electron performs circular vibrations in opposite senses. 
It is, of course, easy to imagine systems of forces acting on the 
electrons which would produce such differences in the free periods, 
but at present we can proceed no further. The problem of interest 
in connection with crystals is not to suggest a system of forces 
under which the electrons may be supposed to vibrate, but to 
suggest a connection between such a system and the chemical and 
other properties of the molecule which determine its crystalline 
form. Such speculations on these and other matters which 
concern the ‘ structure of the atom ’ will be found in a later 
chapter. 
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CHAPTER III 

CONDUCTORS: ELECTROLYTIC AND METALLIC 

31. A conductor is a body containing electrons which are 
The forms of not bound to the corresponding positive charges by 
conduction. elastic forces. If the conductor is surrounded by 
dielectrics and placed in an electric field, the opposite charges will 
separate so as to neutralise completely the field in the interior of 
the conductor and then all change will cease ; but if by any means 
we produce a permanent electric field in a conducting circuit the 
electrons will How round that circuit giving rise to a continuous 
current. The current density, s , across any section of the circuit 
is equal to the total charge conveyed across unit area in unit time. 
Hence, if N is the number of electrons in unit volume and v their 
velocity at the point considered, 

s = evN (80). 

In some cases we shall find it necessary to suppose that the posi- 
tively charged atoms can move as well as the electrons ; we must 
then add to (80) a second term e l v l N u where e lf v 1} iV^ are the 
charge, velocity and concentration of the positive particles. The 
direction of the current is taken as that in which the positive 
particles move, and v x will always be measured in the opposite 
direction to v. 

There are three forms of conduction, clearly differentiated 
from each other : — metallic, electrolytic and gaseous. The last 
form is distinguished from the others by the fact that it does not 
follow Ohm’s Law ; the second is distinguished from the first by 
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the fact that the passage of the electric current is accompanied by 
chemical changes in the conductor. In order to apply the elec- 
tronic theory to conduction we have to show how the differences 
between the three classes of conductors may be attributed to 
differences in the number or the motion of the electrons, or in the 
part played by the positive particles. 

32. An adequate theory of electrolytic conduction is now so 
Electrolytic familiar that a few words of reference to it will suffice 
conduction. here. It was discovered by Faraday that the mass 

of any element liberated at one of the electrodes when a current 
passed through an electrolyte is proportional to the quantity of 
electricity which has passed, to the atomic weight of the element 
and inversely proportional to its valency. These laws are simply 
explained if the current flowing to the electrode where the element 
is liberated is carried by atoms of the element bearing a charge 
proportional to the valency. In other cases when the chemical 
changes consequent on the passage of the current are not quite so 
simple it is necessary to suppose that the carriers or ‘ ions ’ are 
combinations of atoms carrying charges which are still small 
multiples of that carried by a univalent atom. The ions in 
their passage through the electrolyte are subject to a viscous 
resistance, so that their velocity is uniform in a uniform field 
and proportional to that field. Since the concentration of the 
ions is independent of the field, (80) shows that Ohms Law 
will be obeyed. 

In the past this theory has been all-important for the develope- 
ment of the electronic theory. Since there can be no portion of 
an element smaller than an atom, there can take part in electrolysis 
no charge of electricity less than the charge on a univalent atom, 
and this minimum charge, or a small multiple of it, is character- 
istic of all substances alike. In the recognition of this universal 
atom of electricity appears the first sign of the essential feature of 
the modern electronic theory. But otherwise that theory has 
little bearing upon electrolytic conduction ; as yet it has afforded 
no clue to the outstanding problem as to why some and not all 
solutions are electrolytes. We may pass immediately to consider 
the other forms of conduction. 
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33 . Many attempts have been made to apply an ionic theory 
Metallic con- to metallic conduction, but until recently none of 
duction. them were successful. The difficulty arose in sug- 

gesting a suitable nature for the ions. Most electric circuits are 
composed of at least two kinds of material and we must suppose 
either that the ions can cross from one material to the other or 
that they cannot. If they cannot, then the ions must remain 
piled up at the boundary, and we should expect to find a change 
m the distribution of the mass of the conductor caused by the 
current; but no such change can be detected. If the ions can 
cross from one material to the other, then, since no mixing of the 
materials of the circuit can be detected, the ions must be of the 
same nature in all materials. 

Until the developement of the electronic hypothesis this con- 
clusion would have invalidated necessarily any theory which led 
to it ; not because it was thought impossible that there should be 
any common constituent of all elements, but because nothing 
was known about such a constituent. Ever since the conception 
of an element was introduced, physicists have probably enter- 
tained privately the belief that these elements would be found to 
be but many forms of one primordial substance, and the belief 
derived some support from such facts as those which gave rise to 
Prout’s hypothesis. But whatever arguments there might be for 
the existence of such a primordial substance, nothing was known 
about its properties. All research in chemistry and physics had 
tended to emphasize the difference between different elements : 
there was no trace of a common constituent. Any theory of 
conduction based upon the properties of such a substance would 
be useless, for it would not connect the conduction of electricity 
with any other known phenomenon or enable relations to be 
established between the conductivity and any other characteristics 
of a body. 

But now this objection is removed. We have already noticed 
in § 28 some evidence for the existence of electrons common to all 
substances and in later chapters we shall find much more con- 
clusive evidence. We have only to imagine that the current in a 
metallic conductor is carried by the universal electrons to over- 
come the difficulties which have previously attended ionic theories; 
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no part of the current can be carried by the positively charged 
atoms which differ in nature in different conductors. It will be 
well to remark here that, since the electrons are negatively 
charged, the direction of the current will always be opposite to 
that of the carriers. 


34 . In order to arrive at an estimate of the relation between 
Motion of the the conductivity of a metal and the properties of the 
free electrons. electrons in it, some assumption must be made as to 
the nature of the motion of the electrons. The assumption which 
is generally adopted is derived from the dynamical theory of gases 
and was introduced into electronic theory by Drude and J. J. 
Thomson. According to the theory of gases the molecules of any 
body are in a state of continual motion, colliding with each other, 
and the mean kinetic energy of a molecule is proportional to the 
absolute temperature ( T ) of the body; if a body contains molecules 
of two kinds ^he mean kinetic energy of each kind is the same. 
This doctrine is an instance of the principle of the equipartition 
of energy. Drude assumed that the electrons in the metal may be 
regarded as a kind of molecule, that an electron possesses the 
same mean kinetic energy as a molecule of a gas at the same 
temperature, and that electrons collide with each other and with 
the molecules of the metal in much the same way as the molecules 
of a gas collide with each other and with the walls of the vessel in 
which they are contained. This assumption forms the basis of all 
modern theories of metallic conduction. 

Accordingly if u is the; mean velocity of the electrons in a 
metal at a temperature T, we may write 

\ m 0 u- = aT (81), 

where a is the ratio of the energy of a molecule to the absolute 
temperature of the gas of which it forms part, a quantity which 
is a universal constant independent of the nature of the gas. 

a can easily be calculated. The volume of one gramme-mole- 
cule of a ga3 at a pressure of one atmosphere (1*0132 x 10 6 dynes 
per cm. 2 ) and a temperature of 0° C. (273*1 abs.) is 2*2412 x 10 4 cm. 3 
Now, according to the dynamical theory of gases, 

pv = l ap 0 T 


(82), 
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where v () is the number of molecules in one gramme-molecule. 
Hence 

(“)-»■ i 

But p Q e = 2*894 x 10 14 (see p. 25). 


Hence 


= 4*8 x lO" 7 , 


We may note that 

u i = 2aJ =2T. 

ni e ra 0 

= 582 x (4*8 x 10~ 7 ) x (5*8 x 10 17 ) at 18° C. 

= 1*84 x 10 14 

or n = 1*16 x 10 7 cm./sec. 

For experimental purposes it is sometimes convenient to ex- 
press the velocity of an electron as the potential difference through 
which it must fall from rest in order to acquire that velocity. If 
V is this potential difference expressed in volts (1 volt = el. st. 
unit), we have from p. 28. 


' - 2 (T) “* x 300 

= *088 volt at 18° C. 


a 2 x 300 = 300 x 7= 1*29 x 10~ 4 T 
* e 


The accurate calculation of any of the properties of a gas from 
the fundamental hypotheses of the dynamical theory involves 
analysis of great complexity and difficulty ; and the precise results 
attained arc affected in most cases by the assumptions which are 
made as to the nature of a collision between two molecules, a 
matter concerning which we are still profoundly ignorant. The 
same difficulties, of course, attend any calculations concerning the 
motion of the electrons in a metal ; we know even less of the 
nature of a collision between an electron and a molecule than 
we do of a collision between two molecules. And while we have 
no knowledge on this point, it is not worth while to enter upon 
any elaborate mathematical treatment. Accordingly in what 
follows, the calculations will be simplified greatly by assumptions 
which are known not to be accurately true, but which are shown 
by a more precise inquiry not to invalidate the general conclusions 
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which we shall attain. For a more complete exposition the reader 
is referred to the sources mentioned at the end of the chapter. 

The three chief assumptions of this nature which we shall 
make are : 

(1) That the electrons, instead of possessing various velocities 
distributed about the mean u, all possess the velocity u. 

(2) That the interval between two collisions by the same 
electron is the same for all electrons and for all collisions, so 
long as the temperature is the same. 

(3) That the previous history of an electron is completely 
wiped out when it collides, so that, whatever happens before a 
collision, the velocity after a collision is always u. 

We may now proceed to calculate the conductivity of a metal 
according to our theory. 


35 . Let X be the electric intensity in the metal and t the time 
The electrical (supposed constant) which elapses between two col- 
conductivity. li s ions of an electron. During the time t the electron 

Y e 

is subject to an acceleration in the direction of the electric 
J w 0 

1 X € 

intensity and moves a distance g — m that direction. If this 

distance is small compared with the free path of the electron, t 
will be almost the same as if the field were not acting ; the only 
effect of the field will be to superimpose on the irregular motion 
of the electrons a continual drift along the direction of the electric 
intensity, and the velocity of this drift will be 

1 1 Xg Xet /qa\ 

^ = 7-0 -* 2 = o — ( 84 • 

t 2 m () 2m 0 

By (80) the current density in the metal is 

AT XgHX 

s = evN = - 2m -- (85). 

But a, the electrical conductivity of a metal which obeys Ohm’s 
Law, is given by 

s = <rX (86). 

Hence "Z < 87 >- 
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If l is the free path which an electron traverses between two 
collisions, we have 


t = Iju, 


( 88 ), 


and, remembering (81), 


cr 


e*Nlu 

l^T 


(89) 


em 

2 V2 aTm {) 


(90). 


As yet we are completely ignorant of the values of N and l 
and can apply no direct test of the validity of our theory; but an 
indirect test can be applied by considering the variation of the 
conductivity with the temperature. Experiment shows that the 
conductivity of a pure metal is nearly proportional to 1/T; hence 
according to our theory we must have Nlu = constant. This con- 
clusion is not what we should expect; there is no reason to believe 
that iV varies with the temperature and we should expect that l 
also was nearly constant and that, therefore, according to (90), a 

should be proportional to 1 /T~. For alloys, again, there is no 
simple relation between the conductivity and the temperature. If 
there was no other evidence of the truth of our theory, these 
discrepancies would probably lead to its rejection, but we shall 
find later such convincing proof of its essential correctness that 
we must attribute them to our ignorance of the nature of the 
collisions of an electron in a metal. It appears that in a pure 

metal l cc T ~~, but in the present state of our knowledge there is 
no use in attempting to devise speculative explanations of this 
relation. 


36 . Good metallic conductors are all good reflectors of light. 

Of this relation any electromagnetic theory offers a 

Optical pro- . . 0 . 

perties of sufficient explanation. When a conductor is placed 
in an electric field the induced electrification at its 
surface is such as to neutralise the electric intensity in the sub- 
stance of the conductor ; accordingly when such a body is placed 
in the alternating electric field which constitutes light, the dis- 
turbance cannot penetrate into the body, but must be either 
reflected or absorbed. Absorption will take place only if the 
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developement of the induced electrification requires the expendi- 
ture of energy which is not subsequently restored to the beam of 
light, and, as we have seen in § 29, there will be such a waste of 
energy only if the motion of the electrons is hindered by frictional 
forces. Now the collisions of the electrons in a metal are equiva- 
lent to a frictional force ; we have seen in (84) that an electron in 
a metal subject to a constant force X attains a steady velocity 

Y et g. 

v = - — = eX . Yr 7 2 5 hence by putting x =/= 0 in (70) we see that 

there must be a force on the electrons kx, opposing their motion, 

iW 2 

where k — . The greater the conductivity, the less the fric- 

tional force and, consequently, the less the energy absorbed. 

Accordingly we may apply the formulae which we developed 
in § 29 to the calculation of the optical properties of a metal. 
Since the electrons are 4 free ’ and subject to no elastic forces, 
/= 0 and consequently z/ 0 = 0; of course we must also remove the 
restriction that k is small compared to tu 0 v 0) which was applicable 
when we were considering the motion of £ bound * electrons under 
forces of a frequency near to that of their own free vibrations. 
Hence we find from (78), (79) 


n 2 (1 - k 1 ) — 1 — 


4 7rvi 0 Ne 2 
47 r 2 m 0 V 4- Jc‘ 2 


= 1 - 


47 r?N„iVe 2 


47 T-m^v 2 -t* 


W 


■z-m 


1 Ne*k 

v 47 r 2 m 0 ‘V 2 4- k 2 


iW 

cr 


47T“?a 0 V i 


AV 

a 2 


■(» 2 ). 


There is nothing in our theory to make it necessary to suppose 
that all the electrons in a metal are free ; if a sufficient number of 
them are free the phenomena of conduction in a steady field will 
appear, whether or no there are also present £ bound ’ electrons, 
attached to the molecules by elastic forces. The optical properties 
of metals make it necessary to suppose that there are, in fact, 
such bound electrons as well as free electrons. For it is well 
known that some metals, namely those which, like copper or gold, 
possess a distinct colour, show selective reflection superimposed on 
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the general reflection which is characteristic of metals, and these 
selective effects may be attributed, as in the case of dielectrics, to 
the presence of electrons with definite free periods. Accordingly 
we shall suppose that there are present in the metal bound elec- 
trons (characterised by the suffix L) as well as free electrons 
(characterised by the suffix 2) ; if we investigate only light which 
is not near the free periods of the former, we may write from (55), 
(91), (92) 


a 2 (1 - O = 1 + £ — 


iV,€" 


4 TrnuNoe 


TT fliti (V\“ — V*) . _ 

ov 7 47r 2 ™ 0 V + 


te- (93 >’ 


and 


n‘ 2 k — - 
v 


W/V 

a 


47r a ra 0 V 4- 




(94). 


If we restrict ourselves further to light for which v is very much 
less than v ly the term in v l becomes independent of v and we may 
write 


(7 = 1 + - 


7T7n {) (vi 2 - v*) 


.(95), 


where q is a constant independent of the wave-length of the in- 
cident light. 

The quantities n and k for metals have been determined by 
two methods, one, that of Drude, depending on the elliptic 
polarisation of light reflected from the surface, and the other, 
that of Hagen and Rubens, consisting in the determination of 
the reflecting power of the metal. The principles of these methods 
are independent of any special theory of the nature of light, and 
therefore require no special treatment here. It is sufficient for 
our purpose to know that the quantities have been determined 
with considerable accuracy for light of all wave-lengths from the 
extreme violet to the infra-red. We will compare the results of 
our theory with those of experiment. 

If v is very small, that is, if the wave-length of the incident 
light is very great, (94) reduces to 


n 2 fc = afv . 


(96). 



37]* METALLIC REFLECTIONS 03 

If R is the proportion of the incident light reflected at the surface 
of the metal, it can be shown that in this case 

l-ie=2p“ (97). 


(96) and (97) can be deduced from the Maxwellian theory noticed 
in § 13. It will be seen that R = 1 and the metal is a perfect 
reflector, if the conductivity or the wave-length of the incident 
light is very great. This relation is found to be generally valid ; 
on the whole the better conductors are the better reflectors, metals 
reflect most light of great wave-length and all conductors become 
nearly perfect reflectors when the wave-length is great enough. 
It is found, however, that (97) never holds accurately in the 
region of the visible spectrum, but that it holds for light the 
wave-length of which is greater than 25 fi, i.e. 25 x 10~ 4 cm. 

Again, from (94) we may conclude that if two substances have 
the same conductivity and the same number N 2 of charged carriers, 
while the mass of the carriers in one of them is very much greater 
than that of an electron, then this substance will reflect and absorb 
light very much less than the other. Such a conclusion is obvious, 
for if the mass of the carriers of the current is very great, they 
will fail to respond to the rapidly alternating fields constituting 
light and, though they may behave as conductors in steady fields, 
in such changing fields they will behave as dielectrics. This 
conclusion enables us to explain why electrolytes, in which the 
carriers are charged atoms, do not behave in optical phenomena 
like metals of equivalent conductivity. 


37 . We can apply a more stringent numerical test to our 
Number of theory in the following way. From (93) and (94) it 


free electrons. j s a nicrc matter of algebra to deduce the relation 

: ^ 7 (say) (98). 


i\ r ,e 2 „ . 1 . 4a 4 /e 2 

— “ 3 = n ~ (x - 1) + ¥ + '7, T> — , \ - : 


7 rm Q v * 


Hence Fv 1 should be the same for all values of v, and we should 
have, since i\ r 2 e ~ x 2 89 x 10 u (see (63)), 

p 2 e/m„ =^.Jxl'OSx !()-“ 


(99), 
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where w and d are the atomic weight and density of the metal 
and p 2 is the number of free electrons liberated from each atom. 
It must be remembered that in drawing this conclusion it has 
been supposed that q is constant and that v is small compared 
with V \ . Consequently (98) should hold only for frequencies less 
than those of any of the bound electrons; we should not expect it 
to hold for a metal which showed selective absorption in the 
visible spectrum if the incident light were in that region. The 
following tables show that in this matter the predictions of our 
theory are in accordance with experiment ; the relation holds 
throughout the spectrum for steel and silver but not for copper; 
it fails for all metals in the ultra-violet. 

TABLE III. 


Steel 


Silver 


Copper 


V 

Fv> 

V 

Fv* 

V 

Fv 

1-32 x 10 15 

167 

1 *20 x 101* 

138 

1-OOxKF- 

62 

1 oo „ 

128 

*93 „ 

26 

•67 „ 

50 

•54 „ 

118 

*76 ,, 

43 

•55 „ 

31 

•48 „ 

126 

•60 „ 

47 

•48 „ 

32 



T>1 „ 

47 




The frequency of yellow light is about f) x 10 -ir> . 

In these tables the values of F have been estimated on the 
assumption that q — 3. It is impossible to find directly the value 
of q , for it depends on the properties of the bound electrons, the 
optical effects of which are masked by those due to the free 
electrons. But fortunately the term in q is probably small ; the 
value adopted for it is that which is found for most dielectrics, 
since there is no reason to suppose that the properties of the 
bound electrons are very different in conductors and dielectrics. 

We can now calculate p 2 by means of (99). Assuming that 
e/m 0 is 4‘5 x 10 17 (see p. 46) we find the following values for 
p 2 and N. 2 . 

TABLE IV. 


Metal 

Cu 

Ag 

Ni 

Fe 

Pt 

A1 

Pb 

Hg 

Bi 

Sb 

n 

0*47 

TOC 

TOO 

1-70 

2*00 

2-29 

3-27 

339 

3*66 

7*54 

NoX 10" 23 

0*42 

0-60 

0-90 

T44 

1*32 

T38 

1*08 

T74 

T02 

2*52 
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It will be observed that p 9 is a small number (it is not always 
an integer because of the uncertainties in our calculations), so that 
the number of free electrons in a metal is of the same order as the 
number of atoms. It is found that p., is apparently independent 
of the temperature of the metal. 

Having reached these conclusions let us return to (87) and (88) 
and calculate the mean free path of the electrons and the number 
of collisions they make in one second. The lowest value of this last 
number is that for silver; for this metal <r = 5‘4 x 10 17 (in the 
electrostatic units which we use), the atomic weight is 108 and 
the density 10, so that, calculating N 2 e/m 0 as in § 28, we find 

t = 7 x 10~ 14 secs. ; l = ut = 8*4 x 10~ 7 cm. ; 

t is the period of light of wave-length 21 p. If the wave-length 
is less than 21 p, the electron will not on the average make even 
one collision before' the direction of the force acting on it is 
reversed, and it might appear that the conductivity calculated for 
steady fields could have nothing to do with the conductivity for 
such rapidly alternating fields; yet it is found that for wave- 
lengths considerably less than 21 p the optical properties of silver 
can be calculated approximately from the conductivity for steady 
fields. 

But this difficulty is only apparent. We have assumed that t 
is not influenced materially by the action of the electric field, so 
that the electron makes collisions in much the same way whether 
the field is changing or not. The absorption of light in the sub- 
stance is determined, like the resistance to a steady current, by 
the rate at which the energy of the electrons acquired under the 
action of the field is dissipated by collisions, and if the rate at 
which collisions take place is independent of the periodicity of the 
field, the rate at which energy is dissipated will also be nearly 
independent. The absorption varies with the frequency, not so 
much because the rate of dissipation of energy varies, but because 
the phase difference between the incident and refracted light 
varies; so far as the absorption is determined by the dissipation it 
will be found to be the same for all periodicities, so long as the 
time between two collisions is short compared with the time of 
observation . 


c. E. T. 


5 
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But we have yet to see that our assumption that t is inde- 
pendent of the field strength is justified. We have 

v __ Xel _ y 1 /e\ l 
v 2 m 0 ?/- 2 * 4 \a/ T 

= X/5 80 about at 18° C. 

Hence unless X > 6 the velocity of the electrons due to the field 
will be only 1 °/ of that due to their heat motion and t will be 
practically unaffected by the field. Now N = 6 means a field 
of 1800 volts per centimetre, far greater than can be applied to a 
metallic conductor in measuring its resistance. It is possible 
however that at very low temperatures, v might become com- 
parable with u for fields that are attainable experimentally. 

It should be noted in passing that the calculation of the 
number of electrons does not involve the quantity a or depend in 
any way upon the accuracy of (89); the conclusions at which we 
arrived in this matter do not depend upon the assumptions which 
we have made as to the nature of the frictional forces acting on 
the electrons, but only on the assumption that there are electrons 
subject to frictional forces. 

38 . It is a well-known generalisation that good conductor of 
Thermal electricity are also good conductors of heat. Till the 

conductivity. advent of the electronic theory no explanation of the 
relation could be suggested, but it is an immediate consequence 
of the views which are expounded here. We suppose that the 
conduction of heat, like the conduction of electricity, is effected by 
the agency of the free electrons in the same way that the con- 
duction of heat in a gas is effected by the agency of the molecules. 
The free electrons at the hotter end of the bar have a greater 
kinetic energy than those at the colder end ; when collisions 1 take 
place the former electrons lose energy and the latter gain energy, 
so that heat is transferred from the hotter to the colder parts. 

1 It is to be observed that throughout our investigations it is unnecessary to 
decide whether the electrons collide with each other or only with the molecules ; 
if they collide only with molecules a transfer of energy from one electron to the 
other might be effected by consecutive collisions with the same molecule, which 
received energy from one and gave it to the other. 
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The following theorem derived from the dynamical theory of 
gases will enable us to calculate the thermal conductivity. If the 
properties of the molecules vary with their distance along the axis 
of z, so that the molecules at a section through the point z on that 
axis each possess an amount g of some quantity, then, G , the 
amount of this quantity which is transferred by means of the 
collisions between the molecules in unit time across any point on 
the axis, is given by 

«“>. 


where N is the number of molecules in unit volume. We are 
concerned with the transfer of energy, and we must put 

1 rn 

g = ^7n 0 u~al ; 

then the rate at which energy is transferred along a bar is 

1 ; *r dT 

^ulaN . 2 , 

3 dz 

if we suppose that N. 2 is constant and does not vary with the 
temperature. Now k e , the thermal conductivity of a substance 
measured in ergs/cm. sec. degree, is defined by the relation that 

dT 

the rate at which energy is conducted along the bar is k e ; 
hence we have 

k e = * iilaN, (101). 


(If the heat energy is measured in calories, k c , the appropriate 
value of the thermal conductivity, is k e j 4>'2 x 10 7 .) Comparing 
(89) and (101), we see that 




= 7*15 x 10~ 11 at 18° C.; 


that is to say, the ratio of the thermal to the electrical conductivity 
of a metal is a universal constant, independent of the nature of 
the metal and proportional to its absolute temperature. 

This law has long been known as the result of observations and 
is generally called the “ Wiedemann-Franz Law.” Table V shows 

5 — 2 
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how nearly it is true for a large number of metals. The number 
in the last column should be equal to the ratio of the absolute 
temperatures corresponding to 100° C. and 18° C., that is 1*29. It 
will be observed that k/cr is not quite constant, but increases as 
the conductivity diminishes. However, since the conductivity of 
silver is 200 times that of bismuth, the close agreement between 
the values of k/a is remarkable. 


TABLE V. 


Metal 

K'I<t at 18° C. 

kja at 100° 0 
kjcr at 18° C. 

Aluminium 

•706 

x 10“ 10 

1*32 

Copper 

•738 

n 

1-30 

Zinc 

•745 

n 

1*29 

Silver 

•760 

n 

1-28 

Nickel 

•776 

n 

1-30 

Cadmium 

•784 


P28 

Lead 

•794 

>> 

1-31 

Gold 

•807 


1-27 

Mercury 

•815 

11 

1-30 

Tin 

•816 

11 

1*26 

Platinum 

•836 

11 

1-35 

Palladium 

•837 

11 

1-35 

Iron 

•890 

11 

1-33 

Bismuth 

1-068 

11 

1T2 


Still more remarkable is the agreement of the actual value of 
k/a with that predicted by (102); the close agreement is doubt- 
less partly accidental, for if we had adopted slightly different, and 
probably more accurate, assumptions concerning the nature of 
collisions we should have found a number rather less than 1 in 
place of the 4/3. But nevertheless the results seem to leave no 
doubt as to the correctness of the assumptions of our theory which 
are involved in these conclusions, namely that conduction of heat 
and conduction of electricity are both effected by the agencies of 
carriers bearing the charge e and that the mean kinetic energy of 
these carriers is the same as that of a molecule of the gas at the 
same temperature 1 . No more striking evidence of the truth of 
our theory or of its importance could be offered ; one of the greatest 

1 It should be noted that the conclusion (102) is independent of any assumption 
concerning the mass of the electrons. 
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merits a scientific theory can have is that it correlates very diverse 
phenomena, and we have been able to calculate a quantity con- 
nected with the conductivity of copper from data derived from the 
electrolysis of water and the compressibility of hydrogen. 

The fact that k/a- does not appear to be quite the same for all 
metals requires some slight modification of our theory, but no 
completely satisfactory suggestion has been made as yet. It is 
known that bodies of which the electrical conductivity is practi- 
cally nil possess a finite thermal conductivity ; since such bodies 
possess no free electrons, we must suppose that in such cases the 
conduction of heat is effected by the molecules as in a gas. Now 
if the molecules of a metal take some part in the thermal con- 
duction the value which we have calculated from (101) will be 
too low, and the discrepancy will probably be greater the less the 
electrical conductivity of the substance. Hence some part of the 
discrepancy may be accounted for in this way, but unless the mole- 
cules of metals are more efficient in conducting heat than those of 
dielectrics this part must be small. Perhaps the explanation is to 
be found in the fact that the value of the mean free path is not so 
independent of the action of the field as we supposed in § 34, but 
in the present state of our knowledge there is little value in such 
speculations. 


39 . In § 37 we saw that the concentration of the free electrons 
Contact of * s different in different metals. If two such metals 

two metals. are placed in contact, the electrons will tend to pass 
from the metal in which the concentration is greater to that in 
which it is less. We can apply (100) to find the rate of this 
diffusion. Since we are now concerned only with the number of 
electrons and not with any quantity characteristic of them, we 
must put g = 1 ; then (?, the rate at which electrons flow across 
a section of the metal at z, is given by 


(? = 


ul dN 
3 dz 


.(103). 


But this flow of electrons cannot continue indefinitely ; the metal 
which is losing electrons acquires a positive charge and that which 
is gaining electrons a negative charge ; an electric field will be set 
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up across the junction of the metals tending to stop the flow of 
electrons and equilibrium will be attained when the flow of 
electrons in this field is equal and opposite to the flow due to 
diffusion. Let X be the electric intensity of the field when 
equilibrium is attained ; then by (84) the rate at which electrons 

cross the boundary under this force is Nv or > and the 

electrons must arrange themselves finally so that 


or 


N elu y _ ul dN 
~WT A = 3 ~di' 

X = --T d log N 
3 e dz 


(104) , 

(105) . 


These processes will be confined to a very thin layer in the 
junction of the metals; in the body of the metals the number 
of electrons will be practically the same as if each was isolated, 

and the value of jxdz from a point in one metal (a) to a point 

in the other metal (6) where the number of electrons is unchanged 
by the processes at the junction will be the difference of potential 
between the metals. Hence 

v <*=tV ri °zw b < 106) - 

where V ab is the potential difference of the metals and N a , N b 
the number of electrons in unit volume of them when each is 
isolated. It is to be noted that the metal at the higher potential 
(i.e. charged positively) is that for which the value of N is the 
greater, for it is this metal which will lose electrons. 

If several different metals, a, b, c, d, are joined in series, we see 
from (106) that the potential between the free ends depends only 
on the materials of those ends and not on the intervening metals, 
for 

^ r*. + i»g £* + i«g$) 

<107 >- 

Consequently no current will flow in a closed circuit composed of 
different metals if all the junctions are at the same temperature 
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for if the circuit is cut at any point where there is not a junction 
the ends thus separated will be at the same potential. 

At first sight we might be inclined to identify this difference 
of potential due to different concentrations of the electrons with 
the Volta difference of potential which is shown in ordinary 
circumstances between the free ends of two dissimilar metals the 
other ends of which are in contact. But we shall see presently 
that, if the values of N for the different metals given in Table IV 
are correct, the potential differences deduced from (106) are very 
much smaller than the Volta potential differences. The electronic 
theory thus leads to the view which has long been held on other 
grounds that the Volta effect is not due to the mere contact of the 
dissimilar metals, but to some processes, probably of a chemical 
nature, taking place at their free ends. The differences of poten- 
tial considered here may, however, be identified with those which 
give rise to the phenomena of thermoelectricity. 


40. Let us consider the heat which will be developed when 
The Peltier a current flows across the junction of two metals 
effcct - containing different numbers of electrons. Let the 

electric intensity due to the external source which drives the 
current be X. Then, if there is no internal electric intensity, 
each electron during its free path drifts a distance d along the direc- 
tion of X and acquires an amount of energy Xed] when it collides, 
this energy is communicated to the molecules of the metal and 
appears as heat energy. Since the electrons make 1/t collisions 
per second, the amount of heat energy Q developed in the metal 
in one second by the N electrons in unit volume is given by 

/-'v unr 11. i ir v ir., € X I'll Tr., /. 


Q= NXe djt — NXev = X 2 


...(108). 


If l is the length of the metal, q the area of its cross-section, i the 
current flowing through it and V the potential difference between 
its ends, we have 

i — sq = <rXq ; V = XI ; R = 1 (109), 

so that for the whole bar 

Q = <rX 2 ql = iV = Ri 2 (110), 

the ordinary expressions for the Joule effect. 
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Suppose now that there is in the metal an internal difference 
of potential V' arising from the diffusion of the electrons from 
a place where N is greater to a place where N is smaller. This 
potential difference will not affect the flow of electrons through 
the metal under an external electric field, for it is only just 
sufficient to counterbalance the tendency of the electrons to move 
in the opposite direction. Hence, even if V r is in the same 
direction as the external field, it will still require an external 
difference of potential V to send the current i through the metal. 
But now the difference of potential between the ends of the metal 
will be V +V* and the loss of electrical energy will be i (V + F'); 
consequently the gain of heat energy must be i (V + F') and, if 
Q, is the heat now developed in the metal, we shall have 


&=» (F + V') = Ri* + iV' (111). 

Similarly, if F' is in the opposite direction to V, we shall have 

Ri 2 -iV' (112). 


By comparing (111) and (112) with (110) we see that if there is 
an internal difference of potential in the metal, such as exists 
where two dissimilar metals are in contact, there will be developed 
an extra amount of heat beyond that due to the Joule effect ; this 
extra heat is to be added to that due to the Joule effect if the 
internal and the external potential difference are in the same 
direction (so that the current flows from the positively charged 
to the negatively charged metal) and is to be subtracted from 
that due to the Joule effect if the current flows in the opposite 
direction. The amount of this heat developed in unit time by 
unit of current flowing across the junction is F a &. 

The developement or absorption of heat at the junction of two 
metals when a current flows across the junction is known as the 
Peltier effect. The Peltier coefficient n a& of two metals, a and b, 
is defined as the quantity of heat developed in unit time by the 
passage of unit current across the junction. Consequently 

nu= v ab (ii3). 

We can now calculate the Peltier coefficient from the values of 
N 2 given in Table IV. The results do not accord completely with 
experiment either qualitatively or quantitatively. It is found 
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experimentally that heat is developed when the current passes 
from antimony to any of the other metals in the list and absorbed 
when it passes from bismuth to any of those metals. Conse- 
quently if our theory is correct, the value of N 2 for antimony 
should be higher and that for bismuth lower than for any other 
metal ; we see that the former but not the latter condition is 
fulfilled. Nevertheless the order in which the metals are arranged 
according to their thermoelectric power agrees generally with that 
of the numbers in Table IV, and the absolute magnitude of the 
observed Peltier coefficients is not very different from that given 
by (106). Thus for a junction between bismuth and antimony 
we find 

v ab = l x 4-3 x 10- log, (|||) T = 5-2 X 10- T 

= 1*6 x 10 -4 T volts; 

the observed value of V ab is about *8 x 10~ 4 T volts. 

On the other hand, according to (106) the Peltier effect ought 
to be proportional to the absolute temperature of the junction, 
a relation which is not observed to hold universally. Indeed for 
some junctions the Peltier coefficient first reaches a maximum, 
subsequently decreases and then changes sign as the temperature 
is increased. These divergencies between the predictions of our 
theory and the results of experiment are doubtless due to the 
neglect of two factors. In the first place we have assumed on the 
basis of evidence provided by the optical measurements that N is 
independent of the temperature. But evidence of this nature is 
not very reliable owing to the difficulty of making accurate obser- 
vations and the uncertainty, which has been noted already, of the 
theory according to which they are interpreted. It is possible 
that N changes with the temperature at a rate which is different 
for different materials (see p. 84). In the second place, it has 
been assumed that there are no forces opposing the passage of 
electrons from one metal to another. It is quite possible that 
such forces exist. In the interior of a homogeneous metal the 
positive charges on the molecules which have lost electrons are 
distributed uniformly, so that there is no resultant field due to 
them in the interior of the metal; but at a junction between two 
dissimilar metals it is not certain that the field due to the positive 
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charges in one metal will be equal and opposite to that of 
the positive charges in the other; there may be a resultant 
field tending to drive the electrons out of one metal into the 
other. 

Taking these sources of uncertainty into account, we may 
conclude that though our theory of metallic conduction does not 
lead at once to a complete and satisfactory explanation of the 
Peltier effect, yet there is nothing in the observed phenomena 
which is inconsistent with that theory. 

41. Closely associated with the Peltier effect is the Thomson 
The Thomson eff ect. It is found that a current flowing through a 
effect - homogeneous metallic conductor, the ends of which 

are at different temperatures, developes in the conductor different . 
amounts of heat according to the direction of the current. To 
describe this phenomenon Kelvin introduced the conception of the 
* specific heat of electricity/ If the current of electricity were 
replaced by a current of some fluid, the metal would gain heat if 
the fluid entered at a high temperature and left it at a low 
temperature, and would lose heat if the fluid flowed in the op- 
posite direction. If T and T' are the temperatures of the ends 
of the metal, w the heat capacity of the quantity of fluid which 
enters and leaves the metal in one second, the amount of heat 
gained or lost by the bar in that time is w (T — T'). Now since 
the amount of heat gained or lost by the bar (above that due to 
the Joule effect) when a quantity of electricity E passes through 
it from T to T is found to be fiE (T- T\ we may, by analogy, 
call fi the 'specific heat of unit quantity of electricity/ 

It might seem that this effect was easily explained by the 
electronic theory of metallic conduction. Since the direction of 
the current is opposite to that of the motion of the electron when 
the quantity of electricity E flows into the metal at a temperature 
T, Eje electrons leave it, each of which has a kinetic energy a 1 ; 
when the same quantity leaves it at a temperature T\ the same 
number of electrons enter it, each of which has a kinetic energy 
aT'. The amount of energy given to the metal must be 

-E/e.aiT-T'), 
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so that the ‘ specific heat of electricity ’ is given by 

A6 = -- ~= — 4*3 x 10~ 7 ergs per el. st. unit 

= — 3 x 10“ 5 gm. cals, per coulomb. 

However, it is found that fi is not the same for all substances ; in 
many substances it is positive and not negative as we have 
calculated. It appears that the Thomson effect is not determined 
by this action only. 

The Thomson effect which is actually observed is probably 
largely due to the presence of internal electric fields in a metal 
the ends of which are at different temperatures, similar to those 
which give rise to the Peltier effect. If one end of a metal 
is hotter than the other, the electrons at different ends possess 
different kinetic energies and, possibly, are also present in different 
numbers ; on both of these accounts there will be a diffusion of 
the electrons from one end to the other which will be counter- 
balanced, when equilibrium is attained, by an electric field opposing 
the diffusion. A current flowing through the metal will develope 
different amounts of heat according as it flows with or against this 
internal field. The magnitude of this field and, consequently, the 
specific heat of electricity in the metal may be calculated in the 
same way as the quantities determining the Peltier effect; but 
since the calculations are somewhat complicated and the results 
of them affected by the same sources of uncertainty as those con- 
cerning the Peltier effect, they will not be given here. It is 
sufficient to say that the agreement between theory and experiment 
is, again, by no means perfect, but the discrepancies are not so 
serious or so inexplicable as to throw serious doubt upon the main 
hypotheses of the theory of metallic conduction. 

Thermodynamic reasoning is often employed to show that 
there must be a certain connection between the Peltier and 
Thomson effects, and such reasoning assumes necessarily that the 
phenomena concerned are reversible. It does not seem certain 
how far the results of the electronic theory are in accordance with 
such reasoning and, indeed, that theory must throw doubt upon 
the reversibility of the phenomena. For in order to apply thermo- 
dynamics it is necessary to assume that the Peltier and Thomson 
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effects are wholly independent of the Joule effect, so that the first 
two may be finite while the last is infinitesimal. Our theory 
however regards all three effects as inseparable manifestations of 
the same mechanism, the collisions of the free electrons as they 
pass through the positive molecules. 

42. An electron moving in a magnetic field is subject to 
The Hail 11 f° rce right angles to the magnetic intensity 
effect - and to the direction of its motion. Consequently 

if a bar carrying a current is placed in a magnetic field at right 
angles to the current, the electrons, which have on the whole 
a motion in the opposite direction to the current, will tend to 
move towards one of the sides of the bar in the plane perpendicular 
to the magnetic field. Fig. 4 shows the relations which will obtain 



between the directions of the current, the magnetic field and the 
deflection of the electrons 1 . The electrons will accumulate on the 
upper side of the bar until the electric field due to the negative 
charge on the upper side and the positive charge on the lower is 
sufficient to prevent any further accumulation. The existence of 
this field might be detected by joining opposite quadrants of an 
electrometer to the upper and lower sides of the bar, or by joining 
these sides by a wire, through which a current should flow from 
the lower to the upper side. 

1 The following rule may help the reader to remember the relation between the 
various vectors : — If an Electron moves towards the East in the earth’s magnetic 
field, the Force on the electron will be towards the Feet. The relation may also be 
derived easily by remembering Ampere’s rule for the relatioh between a current and 
the magnetic field excited by it together with the fact that parallel currents flowing 
in the same direction attract each other. 
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Such a transverse electric field has been detected in metals 
carrying currents in a magnetic field at right angles to the current 
and is known by the name of its discoverer as the Hall effect. 
Unfortunately however the direction of the transverse electric 
field is not always that predicted by our theory. The effect is 
said to be positive when the direction of the transverse field can 
be obtained by rotating the direction of the current through a 
right angle in the direction of a circular current which would give 
rise to the magnetic field acting; our theory, according to which 
the upper side of the bar in Fig. 4 should be negative, predicts 
a negative sign for the Hall effect. In bismuth the effect is 
negative, in antimony it is smaller and positive, in tellurium it 
is very much greater and positive, in other mtetals it is much 
smaller and of both signs. We shall discuss the cause of this 
discrepancy later when we have considered some other phenomena 
closely connected with the Hall effect ; but while the discrepancy 
is unexplained no useful purpose would be served by attempting 
to deduce a quantitative relation between the magnitude of the 
effect and the circumstances of the electrons. 

Since the electrons during their free flights tend to move 
towards the upper part of the bar, they will give to that part 
of the bar most of the energy acquired by moving under the 
electric field driving the current. Accordingly the upper part of 
the bar should be warmer than the lower. This effect is extremely 
difficult to observe, but it has been certainly detected in a few 
metals and in all of them is in the direction predicted by our 
theory. 

Similar transverse electric fields and temperature gradients 
should be noted if the current of electricity is replaced by a current 
of heat due to a difference of temperature between the ends of 
the bar. When heat is being conducted through the bar there is 
no flow of electrons from one end to the other, but the electrons 
moving from the hot end to the cold are moving faster than those 
from the cold end to the hot, and are subject accordingly to a 
greater deflecting force. A little consideration will show that, if 
the current of heat is in the same direction as the current of 
electricity in Fig. 4, the electrons moving from the hot end to the 
cold are deflected towards the lower side of the bar, so that this 
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side of the bar should be warmer than the other and should be at 
a lower potential. The transverse temperature gradient due to 
conduction of heat in a magnetic field has been detected in a few 
metals and shows the same discrepancies as the Hall effect; it is 
not, as our theory would predict, in the same direction in all 
metals ; but the transverse electric field in the same circumstances 
has been detected in many more metals and always coincides in 
direction with the predictions of our theory. 

In addition to these transversal effects there will be longi- 
tudinal changes in the electric field and the temperature gradient. 
Electrons moving in the vertical plane at right angles to the 
magnetic field will be deflected by that field along the length of 
the bar; those moving upwards will be deflected to the right, 
those moving downwards to the left. If a current is flowing as in 
Fig. 4, those moving upwards have a higher velocity ; they will be 
more deflected and cause a general drift of the electrons to the 
left. This drift of the electrons is in the direction opposite to 
that representing the main current, so that the effect of the 
magnetic field will be to cause an apparent increase in the elec- 
trical resistance of the bar. Such a change has been detected in 
the case of bismuth ; in some of the magnetic metals the magnetic 
field is found to cause a decrease in the resistance. 

There will be similar longitudinal effects due to a current of 
heat through the bar, but the consideration of these and other 
complications connected with the Hall effect would serve no 
useful purpose. The chief interest of these phenomena for elec- 
tronic theory lies in the fact that the direction of the various effects 
is not always in accordance with prediction ; this discrepancy has 
been used as a support for an hypothesis which, though it is now 
generally abandoned, requires a brief notice. 


43. It has been argued that the difficulties connected with 
the sign of the Hall effect would vanish if it were 

Are there b 

* positive assumed that positive particles, as well as the nega- 

eicctron* tive electrons, were instrumental in carrying the 

current of electricity or of heat through the metal. For those 
effects the direction of which for all metals is found to be in 
accordance with our theory are also those the direction of which 
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is independent of the sign attributed to the carriers; while those 
effects the direction of which is different in different metals are 
also those the direction of which is dependent on the sign at- 
tributed to the carriers. If the sign of the carriers is reversed, 
the direction of their motion in a given current of electricity is 
reversed and, consequently, the direction of their deflection by a 
given field is unaltered ; whatever the sign of the carriers they 
will accumulate at the top of the bar in Fig. 4 ; but the direction 
of the motion of the carriers in a given current of heat is the 
same whatever their sign ; consequently if the carriers were posi- 
tively charged they would accumulate at the top of the bar. 
Thus when a current of electricity flows, the direction of the 
electric field, but not the direction of the temperature gradient, 
depends on the sign of the carriers ; when a current of heat flows, 
the direction of the transverse temperature gradient, but not the 
direction of the electric field, depends on the charge on the 
carriers. 

One very serious objection to the hypothesis that positive as 
well as negative carriers are concerned in the current has been 
pointed out by Lorentz. If the carriers are all of one sign, there 
can be no accumulation of carriers unless there is also an accumu- 
lation of charge; but if carriers of both signs arc present, it 
appears that there will generally be an accumulation of carriers 
of both signs at the boundary between two metals, even when 
they form part of a circuit in which the current is the same at 
every point. This accumulation of carriers in one part of the 
circuit should certainly produce some change in the properties of 
the metal which should be noticeable after the current has been 
flowing for a sufficient time. 

But there is a much more fundamental objection to the hypo- 
thesis of positive carriers. If there are such carriers they must be 
the same in all metals, as we saw in § 33. Now there is some 
evidence from other sources of the existence of positive particles 
which are common constituents of all atoms, but there is no 
evidence whatsoever of the existence of positive particles which 
are at all comparable in size to the electrons ; in all experiments 
which throw any light upon the nature of positively charged 
particles we always find that those particles are at least as 
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large and as massive as an atom of hydrogen ; carriers of this size 
could not move freely between the atoms of a metal; the resistance 
opposing their motion would be at least as great as that opposing 
the motion of an electrolytic ion in a solution, and the amount of 
current conveyed by them would be inappreciable compared with 
that carried by the electrons. 

If any part of metallic conduction is to be attributed to the 
agency of positive carriers, these carriers must be utterly unlike 
any particles of which we can obtain evidence from any other 
source; it must be supposed that the mechanism of metallic con- 
duction differs fundamentally from that of any other electrical 
phenomenon. The whole aim and object of the electron theory is 
to attribute all electrical phenomena to the same mechanism ; to 
introduce the conception of positive electrons in order to explain a 
feature of metallic conduction only is not to expand the scope of 
that theory but to deny the fundamental assumption on which it 
rests. We must either deny the whole electronic theory or main- 
tain our view that all particles at all similar to the electrons which 
we have imagined bear a negative charge. 

The disagreement between theory and experiment in dealing 
with the Hall effect is not greater or more important than that 
which was noted in dealing with thermoelectricity; the discrepan- 
cies in both cases are most probably due to our ignorance of the 
nature of the collisions which an electron makes in a metal and of 
the molecular forces under which it moves. In the simple theory 
which has been outlined the only velocity attributed to the elec- 
trons is that of their drift through the metal ; we have neglected 
altogether the much greater velocity of thermal agitation and the 
deflections of the electrons in moving through the magnetic field 
with this velocity. And again, in a later chapter we shall see 
reason for believing that the magnetic intensity in the region 
through which an electron moves between two atoms is not always 
at all the same as the magnetic intensity of the imposed field out- 
side the metal. While these sources of uncertainty exist we may 
conclude that the phenomena of the Hall effect, though not at 
present completely explicable on our theory, are by no means 
necessarily inconsistent with it. 
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Thermionics. 


44 . It will be convenient to consider here some phenomena 
which, though they are not concerned directly with 
the conductivity of metals, are closely connected 

with it. 

We have attempted to explain metallic conduction on the view 
that metals contain free electrons moving about among the atoms 
of the metal as the molecules of a gas move in the pores of a 
substance in which the gas is contained. At ordinary tempera- 
tures the electrons do not escape from the metal, and we must 
suppose that they are restrained within it by forces in the surface 
opposing their exit; such forces doubtless arise from the attraction 
of the positively charged atoms, which is equal in all directions in 
the interior of the metal, but is directed towards the interior at 
the surface. But since the kinetic energy of the electrons in- 
creases with the temperature, if the temperature of the metal 
were raised sufficiently, the energy of the electrons would be 
greater than the work required to carry them through the surface 
against the opposing forces, so that the electrons would emerge 
through the surface into the space beyond. The presence of such 
a stream of electrons would show itself as a current of negative 
electricity flowing from the metal to any surrounding conductors 
maintained at an equal or a higher potential. 

Hitherto for the sake of simplicity we have regarded all the 
free electrons as possessing the same velocity*; but if the electrons 
really behave like the molecules of a gas their velocities must be 
distributed according to the well-known Maxwell-Boltzmann law. 
Even at low temperatures we should expect a few electrons to 
possess sufficient kinetic energy to escape from the metal ; the 
effect of an increase of temperature should be to increase continu- 
ously the number thus escaping. By the ordinary methods of the 
dynamical theory of gases, it can be shown that, if w is the work 
required to carry an electron through the surface of the metal and 
N the number of free electrons in unit volume of the metal, n, the 
number escaping from unit surface in unit time, should be given by 


aT \i 

n = N{ -fA- ) e -*i*T m 
lirm) 


.( 114 ): 


i y the current of negative electricity flowing from the metal, should 
c. e. t. 6 
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be given by i = ne . In carrying out this calculation no assump- 
tions are necessary as to the nature of the motion of the electrons 
within the metal ; indeed the result can be obtained by purely 
thermodynamical reasoning of a general nature. It is assumed, 
however, that N is independent of the temperature. 

We have no grounds for estimating a priori the magnitude 
of w ; it might be so great that the current could not be detected 
at any temperatures attainable experimentally. As a matter of 
fact it is found that there is a current of negative electricity, 
increasing rapidly with the temperature, flowing from all metallic 
conductors at a temperature of more than 1000° C. to surrounding 
conductors, even if the intervening space is completely vacuous. 
The existence of this current appears to have been detected first by 
Edison, but our present knowledge of it is chiefly due to Richardson, 
who has given the name ‘ thermionic** ’ to the study of the subject. 

The investigations confirm very completely our theory of the 
phenomenon. By the application of the principles of § 18 to the 
study of the magnitude and direction of the current in a magnetic 
field it has been shown that the carriers of the current have a 
value for e/m coinciding closely with that found for electrons by 
the most accurate methods, and that the velocities with which these 
electrons leave the metal are distributed according to the Maxwell- 
Boltzmann law. so that the proportion of the electrons having a 

speed u is proportional to e~ ku ‘\ where h It is found, 

moreover, that the relation between the current leaving unit area 
of the surface and the temperature of that surface is completely 

represented by the formula i = aT % . e~ b/T , where a and b are 
constants characteristic of the metal. This formula is identical 
with (114) if 

a = Ne (^mf 


b 


w 

a 


(116). 


1 According to the theory of gases the Maxwell-Boltzmann law should hold for 
the velocities of molecules after they have performed a finite amount of work in 
escaping through the surface as well as for the molecules in the interior of the 
metal. 
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By means of (115) and (116) we may deduce values of N and 
w if we assume that e has the value 4*7 x 10~ 10 . Thus for platinum 
it is found that N—5 x 10 21 , w = 8 x 10 -12 ergs. According to 
Table IV, N for platinum should be 1*3 x 10 23 ; the agreement is 
not very good. Moreover the value of w is considerably greater 
than would have been anticipated. 8 x 10~ 12 ergs is the work 
necessary to carry an electron through a potential difference of 
about 5 volts, so that a potential difference of this magnitude 
must exist between the interior and the exterior of the metal. 
Similar measurements on tantalum indicate that the potential 
difference at the surface of that metal is under 4 volts ; accord- 
ingly there should be a potential difference of at least 1 volt 
between the interiors of two pieces of platinum and tantalum 
when the exteriors are in contact. A potential difference of this 
magnitude at the surface of separation of the metals is quite 
irreconcilable with the theory of the Peltier effect which we con- 
sidered in §40; if there is such a potential difference at the 
surface we should expect it to be of the same order of magnitude 
as that due to the difference in the values of iV, i.e. about 10~ 4 volt. 

However all conclusions as to the magnitude of N and w from 
the study of therm ionics are rendered uncertain by the fact that 
the thermionic current is influenced very markedly by the presence 
of very small amounts of impurity in the metals investigated. If 
the surface of platinum is not freed from the small quantity of 
hydrogen which usually adheres to it, the thermionic current at 
very high temperatures may be increased in the ratio of 1() 5 to 1 ; 
it appears that this increase is due to a decrease in w and not to 
an increase in N. It has been suggested that this change is due 
to the presence of positively charged atoms of hydrogen on the 
surface of the metal, tending to drag out the electrons, but the 
matter is probably not quite so simple. For experiments with 
carbon also show that the very large thermionic current obtained 
with the ordinary material is reduced until it becomes almost 
inappreciable when the material is specially purified. It has 
accordingly been suggested that the whole theory on which our 
arguments are founded is erroneous and that the emission of 
electrons is not due merely to an increase in their thermal energy 
with the temperature, but to some chemical reaction involving 

6—2 
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the impurities. Perhaps this view is rather too extreme in face 
of the agreement between the measured velocities of the electrons 
and those calculated from Richardson’s theory ; still the difficulties 
mentioned are sufficiently serious to diminish the reliance which 
can be placed on any reasoning based on thermionic phenomena. 
It may be observed in passing that, if experiments on thcrrnionics 
may be taken as giving any information concerning the number of 
free electrons, the agreement of (114) with experiment would con- 
firm the view that N is almost if not quite independent of the 
temperature. 

Thermionic currents are observed not only from metals but 
also from other substances, such as metallic oxides, which are con- 
ductors at high temperatures; and at temperatures too low 
for the negative thermionic current to be appreciable there is a 
positive thermionic current from the metal, which is carried by 
charged atoms usually derived from impurities present in the 
substance. But these matters are too complex for our theory in 
the present state of our knowledge. 

45 . In conclusion we must notice a somewhat serious difficulty 
The specific which affects the most fundamental assumptions of 
heat of metals. ^he electronic theory of conduction. 

The kinetic energy of the n electrons in any piece of metal has 
been assumed to be uolT ; hence the amount of energy which must 
be given to the electrons when the temperature of the metal is 
raised 1° is na. If the mass of the piece of metal in grammes is 
equal to the atomic weight of the metal, the number of atoms 
contained in it is I /m h ; hence, if there are p free electrons for 
each atom, the amount of energy which must be communicated to 
the electrons when the temperature of the metal is raised 1° is 

« — =«(?. -)=nx4’3xlO- J x2’9x 10“ 

1 m h r \e m h l 

— V24 x 10 8 p ergs or about 3 p calories. 

Experiment shows that the amount of heat required to raise the 
temperature of this mass of a metal through 1° (usually called the 
atomic heat ’ of the metal) lies between 5 and 7 calories at ordi- 
nary temperatures. Since the atomic heat of a metal can clearly 
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not be less than the energy required to give the requisite energy 
to the electrons in it, p cannot be greater than 2*3 for any metal. 
The values for p calculated in Table IV are sometimes less and 
sometimes greater than 2*3 ; we must certainly conclude that the 
arguments which lead to the greater values are incorrect. 

This conclusion in itself need not shake our faith in the theory, 
for the calculations of the precise values of p are affected by many 
sources of uncertainty ; the arguments given could not be relied 
upon to show more than that the number of free electrons was of 
the same order of magnitude as the number of atoms. However 
even this general conclusion raises difficulties. 

On our view a dielectric differs from a conductor in the fact 
that the latter does and the former does not contain free electrons. 
Accordingly the heat which is necessary to raise the temperature 
of a dielectric cannot be expended in increasing the energy of the 
free electrons in it : it must be expended in raising the energy of 
the atoms. Now the atomic heat of dielectrics is, in general, the 
same as that of metals 1 , so we must conclude either that the free 
electrons add nothing material to the heat capacity of the sub- 
stance or that the atoms in solid conductors have a much smaller 
energy than those in solid dielectrics. There appears no reason 
for adopting the latter conclusion, but the former would lead 
necessarily to the view that the number of free electrons is very 
much smaller than that of the atoms, for if p were as great as 1 
the atomic heat of a conductor should be 1*5 times that of a 
dielectric. 

The difficulty is undoubtedly very serious. The evidence 
derived from the agreement of the predicted and observed values 
of the Wiedemann-Franz ratio and the direct determination by 
Richardson of the velocities of the electrons in the thermionic 

1 It is true that the elements of which the atomic heat at ordinary temperatures 
is less than that given by Dulong and Petit’s Law (C, B, Si) are all dielectrics, but 
recent investigations, which will be considered later, show that the difference 
between dielectrics and conductors in this respect is only apparent at ordinary 
temperatures. Other elements which are dielectrics have normal atomic heats ; 
for compounds, which are almost all dielectrics at ordinary temperatures, the 
molecular heat is usually about five times the number of atoms in the molecule, 
that is to say, the atoms in the compound molecules possess nearly the same 
energy as the atoms in a substance obeying Dulong and Petit’s Law. 
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current seem to provide a convincing proof that the kinetic energy 
of a free electron is indeed that which we have attributed to it ; 
and yet it is quite impossible to explain the observed values of 
the conductivity of metals if the value of p is as low as the 
consideration of specific heats would suggest. We shall return to 
the question of specific heats in a later chapter and shall see that 
perhaps the discrepancy is not quite insuperable. 
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CHAPTER IY 

GASEOUS CONDUCTION 

46. A gas in its normal condition in an electric field of small 
Gases as intensity is an almost perfect insulator. If, however, 

conductors. the electric intensity is increased to a certain value, 
which depends on the properties and pressure of the gas and the 
nature of the electrodes, a current passes through the gas accom- 
panied by the luminous phenomena of the 4 spark.’ In the first 
part of this chapter only the behaviour of the gas in electric fields 
much less intense than those required to produce the luminous 
discharge will be considered. 

Processes have long been known by which the conductivity of 
gases in small electric fields might be increased enormously ; it has 
long been known, for instance, that the gases of a flame and the 
gases liberated by the action of acids on metals possess a consider- 
able conductivity for a short time after they are removed from the 
scene of action. But the conductivity conferred by these processes 
is not suitable for experimental study and nothing was known of 
the nature of the conductivity of gases until other and quite 
different means of producing it were discovered. The gaseous 
conductivity which has been, and still is, of fundamental import- 
ance for modern electrical theory is that which is produced by the 
passage of certain rays through the gas. The nature of these 
rays and the actions peculiar to each class of them will be 
treated in the next part of this volume ; for the present we 
shall confine our attention to phenomena which are produced 
by all classes. 
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47 . The conductivity of gases differs from that of metals or 
electrolytes in two striking features : 

Theory of J ° 

gaseous (1) 1 he increase in current produced by a given 

'° n iUUOn increase in the electric field is less the greater the 
field already acting; after a certain electric intensity (which is 
different in different circumstances) has been reached a further 
increase produces no change in the current. When the electric 
field is so great that the current is independent of the electric 
intensity, the current is said to be ‘saturated.’ 

(2) In a given field the current is constant only while the 
intensity of the rays acting on the gas is constant. If the gas is 
removed from the action of the rays its conductivity gradually 
falls to zero. The rate at which the conductivity decays is greatly 
increased if an electric field acts after the action of the rays has 
ceased ; if the field is great enough to produce a saturation 
current when the rays act, the conductivity vanishes almost 
instantaneously when the action of the rays ceases. The con- 
ductivity may also be destroyed completely by filtering the gas 
through cotton- wool. 

A theory adequate to explain these features was proposed by 
J. J. Thomson and Rutherford as soon as the facts were known. 
It is supposed that the rays produce in the gas carriers or ions, 
charged some positively and some negatively, at a rate which is 
independent of the electric intensity and determined only by the 
properties of the rays and of the gas. The total charge on all ions 
of one sign is equal and opposite to that on all ions of the other 
sign. The current through the gas is carried by the ions which 
move in the electric field and give up their charges to the 
oppositely charged electrodes. 

When no external field is acting the oppositely charged ions 
attract one another and coalesce (or ‘recombine*), forming neutral 
particles which are no longer capable of carrying the current. The 
number of ions recombining in a given time increases with the 
number present in the gas ; consequently, while the rays are 
acting, a state of equilibrium will be reached in which the number 
of ions recombining in a given time is equal to the number pro- 
duced by the rays. If the rays cease to act, recombination proceeds 
until all the ions have disappeared and the gas ceases to conduct. 
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Some of the ions will also disappear by diffusing to the sides of 
the vessel containing the gas and giving up their charges there. 
If the volume of the gas is large the number of ions disappearing 
by diffusion will be small compared to the number disappearing by 
recombination ; but if the volume of the gas is small the effect of 
diffusion will be great. The disappearance of the ions when the 
gas is filtered is to be attributed to the rapid diffusion of the ions 
to the sides of the pores of the filter. 

If there is an external field, the ions will disappear not only 
by recombination and diffusion but also by attraction to the elec- 
trodes, and the rate at which the ions disappear will be increased. 
The greater the field, the greater will be the proportion of the 
ions disappearing by attraction to the electrodes rather than by 
recombination or diffusion and, since it is only ions disappearing 
in the first manner which carry the current, the greater will be 
the current. But a limit to the current will be reached when 
each ion, immediately it is produced, is attracted to the oppositely 
charged electrode and has no chance of recombining with other 
ions, except in the unlikely event of its colliding directly 
with an oppositely charged ion moving in the same straight 
line between the electrodes. In this state the ‘ saturation 
current* will be obtained; we see that if q is the number 
of ions of one sign produced by the rays in unit time and e 
is the charge on each ion, the saturation current G is given 
by 0 = qe. 

According to this theory a steady current through a given gas 
is completely determined by the following quantities : X , the 
electric intensity at various points, q the rate at which ions arc 
produced, e+, the charges on the ions, u + , u_ their velocities 
(which will be functions of X), D + , J9_ their diffusion coefficients, 
and a a quantity which measures the rate of recombination. D is 
defined by the relation that, if N is the number of ions in unit 
volume of the gas, then n, the number diffusing in unit time 
across unit area perpendicular to is given by 

— <m,i 

a is defined by the relation that the number of ions recombining in 
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unit time is aN+N^ 1 . We shall not here be concerned with the 
quantitative developement of the theory or with the experiments 
which show that values may be assigned consistently to the 
various quantities concerned, so that the current under all circum- 
stances is in agreement with that predicted by the theory. We 
shall only consider these values as far as they throw light on the 
important questions which concern the nature of the ions and the 
mechanism by which they are produced. 

48. The measurement of the charge on an ion was first made 
The charge on possible by a discovery due to C. T. R. Wilson, which 
an ion * enabled the individual ions present in a given volume 

of gas to be observed. It had long been known that a gas contain- 
ing a condensable vapour might be cooled to a temperature at 
which the vapour was greatly ‘ supersaturated ’ without condensa- 
tion taking place, so long as the gas was free from dust ; while, if 
dust was present to serve as nuclei for the formation of drops, 
condensation occurred as soon as a temperature was reached at 
which the tension of the vapour in contact with the liquid was 
less than its pressure in the region occupied by the gas. Wilson 
showed that in this respect gaseous ions behave like dust ; in the 
presence of ions it is possible to produce some supersaturation, but 
not so much as in the absence of ions. If there are positive ions 
present, condensation round those ions as nuclei begins when the 
pressure of the vapour in the gas is about seven times its equili- 
brium tension at the same temperature ; if negative ions are 
present, condensation on those ions begins when the supersaturation 
is about fourfold. Now the ions in their normal state are quite 
invisible, just as are the molecules of a gas, but when the drops of 
liquid are condensed around them they are visible in a suitable 
illumination. Accordingly the ions may be made visible by 
saturating the gas in which they are contained with a suitable 
vapour and then cooling it; if the cooling is sufficient to 
produce fourfold supersaturation, only the negative ions will 
become visible ; if it is sufficient to produce sevenfold super- 

1 It is not certain that a thus defined is independent of N + and N__ ; according 
to Sutherland, if N+ = N_ = N the number of ions recombining in unit time is 

proportional to and not to N 2 . 
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saturation, the positive as well as the negative ions will be 
rendered visible. 

When the ions have thus been rendered visible, it is conceiv- 
able that their number might be determined by direct counting ; 
the total charge on the ions may be found easily by an examination 
of the conductivity of the gas, and so a value for the charge on 
each ion might be deduced. The methods which have actually 
been used for the determination are rather more complicated in 
principle, but much better suited for experiment. It can be 
shown that if a sphere of radius a moves through a medium 
of a viscosity rj under a constant force P, it will ultimately attain 
a steady velocity v, where 1 * 


v = P . 


1 

67 TUT) 


(118). 


It is found that the drops after their formation fall with a velocity 
which is uniform after a very small fraction of a second, and this 
velocity may be determined experimentally. Since the force 

.4 

acting on the drops as they fall is ^ 1 ra/'pg, where p is the density 
of the liquid of which the drops are composed, we have 


2 arpq 

9 71 


(119). 


Since rj can also be measured, a knowledge of v leads to a value 
for the radius and, consequently, the volume of the spherical drops. 
Now if the quantity of liquid condensing when the vapour is 
cooled is sufficient to form drops on all the ions, the volume of 
4tt 

it must be V — N . - 5 - a 3 , where N is the number of ions in the 
o 

gas. V may be determined from a knowledge of the properties of 
the vapour and of the temperature through which the gas is cooled 
and hence a value of N may be deduced. Ne is known from 
measurements of the conductivity, so that e is also known. 

This method of determining e was employed by J. J. Thomson 
in 1898 and led to the value e = 6*5 x 10 ~ 10 . It was found that e 


1 This formula is only strictly accurate if the sphere is very large compared 

with the molecules of the gas ; if it is comparable in size with the molecules the 

velocity is given by a more complicated formula, but is still a function of P, a , 7 /. 
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was independent of the gas in which and the method by which the 
ions were produced. The method is interesting because it was the 
first that was ever employed for the measurement of this supremely 
important quantity, but it is not very accurate. The assumptions 
are involved that each drop contains only one ion and that the 
volume and charge of each drop arc the same ; neither of these 
assumptions has subsequently been proved to be true. A more 
accurate method and one which enables the charge on a single ion, 
instead of the average charge on a large number of ions, to be 
determined was devised by H. A. Wilson. If the drops after their 
formation are made to fall in a vertical electrical field of intensity X, 
the force acting on an ion is my 4- Xe , and its velocity, v', is given 



Hence if we determine the velocity of fall of the same drop, first 
when there is no field acting and second when a field of intensity 
X is acting, we shall have from (119) and (120) 


9 V 27 T hfv*^ v' — V 
X \jp) * 0 


( 121 ). 


By this method H. A. Wilson found for the smallest charge on 
a drop e = 8*1 x 10“ 10 . He could show also that the smallest 
charge on a negatively charged drop was the same as the smallest 
charge on a positively charged drop. But all drops had not the 
same charge ; some of them had charges 2e and tie ; but of course 
it was impossible for him to determine whether these multiple 
charges were carried by single ions or whether the drops carrying 
them were condensed round several ions. 


Both Wilsons and Thomson’s methods are liable to the ob- 


jection that the drop, while it is falling, is always evaporating, so 
that its volume and its velocity are not strictly constant. In the 
last few years great improvements in the application of Wilson’s 
principle to experiment have been made, chiefly by Millikan. In 
his latest work the condensation method of making the ions visible 
is abandoned ; a few non-volatile particles (such as very small 
drops of oil or mercury) are introduced into the ionised gas and 
the rates of their fall with and without an electric field are 
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observed. The particles when they are introduced usually bear a 
charge which is a small multiple of that carried by an ion and this 
charge is changed from time to time by the collision of an ion with 
a particle and the transference of the charge from the former to 
the latter. From such observations Millikan concludes that the 
charge carried by a particle is always a multiple of e = 4 8 x 10~ 10 , 
and that when it is changed (whether by the addition of positive 
or of negative electricity) the magnitude of the charge is always e 
and not a multiple of e. It appears then that positive and nega- 
tive ions carry charges of the same magnitude and that ions 
carrying charges which are multiples of e are either extremely 
rare or non-existent. This conclusion is contradicted by evidence 
adduced by Townsend from experiments on the diffusion of ions 
similar to those mentioned below, which would prove that, at 
least in some circumstances, positive ions (but not negative ions) 
can carry a charge 2e. This discrepancy is as yet not satisfactorily 
explained. 


49 . The value for e is, of course, near to that which has been 
Gaseous ions assigned to e, the charge on an electron and, indeed, 
and electrons, the methods which have been described are among 
the best for determining e. We will consider briefly the evidence 
which led to the identification of e with e. 


Before the charge on an ion was measured evidence, arising 
from the experiments described in § 53, had been obtained of the 
existence of negatively charged particles of the same nature from 
whatever substance they were derived. The charge on these 
particles could not be measured, but, since the ratio of the charge 
to the mass was always the same, it was suspected that both the 
charge and the mass were the same. It had long been known 
that there was concerned in electrolytic conduction a charge which 
was the same for all substances, for the charge carried by a 
univalent atom is the same for all such atoms and that carried by 
any other atom is a small multiple of that charge. Since it is 
intrinsically improbable that there are two different charges 
characteristic alike of all substances, the charge upon the universal 
negatively charged particles (now called electrons) was immediately 
identified with that on a univalent electrolytic ion. When the 
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charges on gaseous ions were studied and it w T as again found that 
the charge was independent of the material from which the ions 
were produced, the same argument led to the identification of the 
charge on a gaseous ion with the charge on an electron and the 
charge on a univalent atom. Moreover the absolute magnitude 
of the charge confirmed the hypothesis. Considerations derived 
from the theory of gases placed the value of i/ () , the number of 
molecules m a gramme-molecule of a gas, between 4'7 x 10‘ 23 and 
2*2 x ]0‘ i4 ; consequently if we adopt the earliest value for e , the 
charge on an ion, we find v {) e lies between 8*1 x JO 14 and 1 4 x 10 16 . 
The value of z; 0 e, where e is the charge on a univalent atom, is 
2’9 x 10 14 , though it lies outside these limits the uncertainties 
of v {) e are sufficient to account for the discrepancy. 

Shortly afterwards Townsend produced a direct proof of the 
identity of the charge on an ion with that on a univalent atom 
based on measurements of the velocities of the ions in an electric 
field and their diffusion coefficients. It is found that the velocity 
of an ion is proportional to the electric intensity acting on it , 
let the velocity in a field of intensity X be u 0 X ; then the force 
acting on the ion is eX and the ratio of the velocity to the force is 


°. On the other hand according to (117) the velocity of each 

of the 4 Ndx ions contained m a layer dx of a gas in which the ions 

are unequally distributed is - If we regard the ions as 

forming a gas mixed with the unionised gas, this velocity may be 

dP 

considered to be due to a force ^ dx acting on them, where P 

is the partial pressure of the gas formed by the ions. Now 

P = A .N, where X is a universal constant involving the temperature 

only and equal to P 0 /vo> where P 0 is the pressure of any gas which 

contains v Q molecules (or a mass of one gramme-molecule) in unit 

volume. Hence the force acting on each of the Ndx ions and 

. . . . . D dN . 1 P 0 dN . , . „ , 

giving them a velocity ^ 1S N~V dx ’ ra ^ 10 0 ^e 

velocity to the force is Comparing this result with that 

just obtained we see that we must have 
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^ = jr (124), or y 0 e - 1\ J (125). 

But P 0 , u 0 , D can all be measured, so that v^e can be deter- 
mined. Townsend found that the value of v»e was between 
2*25 x 10 14 and 3*04 x 10 14 , agreeing well with the value of v 0 e. 
Hence he confirmed the conclusion that the charge on a gaseous 
ion is nearly (or quite) the same in different gases and equal 
to the charge carried by a univalent electrolytic ion. 

The charge on a gaseous ion, then, is that on an electron (or 
possibly sometimes a small multiple of it), and since ions of both 
signs are produced in equal numbers by the processes we are con- 
sidering (or at least the total charge on ions of opposite sign is 
equal and opposite) it is naturally supposed that the process of 
ionising a gas consists in splitting off from the atoms of the gas of 
one (possibly two or three) electrons, leaving the remainder of the 
atoms positively charged. If no further action took place we 
should expect to find an immense difference in the properties of 
the negative and positive ions; the former would be free electrons, 
the latter charged atoms or molecules more than 1000 times more 
massive. We have already noticed some difference in the pro- 
perties of the ions of different signs shown in their powers of 
acting as condensation nuclei, but the theory of this action is very 
obscure 1 and throws no light on the constitution of the ions. 
Evidence as to this constitution is obtained most readily by an 
examination of the velocity with which the ions move through the 
gas in an electric field, and we shall now consider this evidence, 
leaving until we deal with the nature of the ionising rays all 
hypotheses as to the action by which the initial separation of the 
electrons from the atoms is effected. 


50 . Methods dependent on two principles have been employed 


The velocity 
of the ions. 


for the determination of the velocity of the ions in 
an electric field. The principle of the first method 


is to compare the velocity so produced with the velocity of the 


1 It can be shown that vapour should condense more easily on a charged than 
on an unchaiged sphere of considerable size, but this action is connected with 
the decrease of energy consequent on the distribution of the charge on the sphere 
over a larger area. But of course the charge on an ion cannot be subdivided or 
distributed over a larger area by the condensation of vapour upon it. 



96 


GASEOUS CONDUCTION 


[50 


gas as a whole ; if a blast of air is directed so as to carry the ions 
away from the electrode, while the electric intensity drives them 
to it, the current will be zero, unless the velocity due to the field 
is greater than that of the blast. In methods based on the 
second principle the ionised gas is placed in an alternating 
electric field; if the alternations are so rapid that the electrons 
have not time to reach the electrode before the field is reversed, 
the current through the gas will be less than if a steady field of 
the same magnitude were applied. The results obtained by the 
alternating field method are much more accurate than those 
given by the other method, but within the limits of experi- 
mental error different methods give the same result It is often 
forgotten that the agreement of measurements of some quantity 
introduced by a theory by very different methods provides very 
strong evidence in favour of the substantial truth of the theory. 

It is found that at all pressures of a gas greater than 2 or 
3 mm. of mercury the velocities of the positive and negative ions 
are proportional to the electric intensity acting on them In the 
following table a few characteristic numbers are given , the 
velocities are those attained in a field of 1 volt per cm., and 
the gases are under a pressure of one atmosphere and at about 
15° C. 


TABLE VI. 


Hydrogen 

Aii- 

CO, 

SO, 

CCh 


*4 

6*7 cm. /sec. 
1*40 
0 79 
0 44 
0-30 


u_ 

7*9 cm. /sec. 

178 

0*87 

0*41 

0-31 


It will be observed that for the lighter gases the velocity of 
the negative ion is greater, but not very much greater, than that 
of the positive. The difference between the velocities is not 
nearly so great as would be expected if the former were a free 
electron and the latter a molecule. When we inquire into the 
absolute magnitude of the velocities we again obtain unexpected 
results. On the assumption that the positive ion is a molecule 
bearing the charge e its velocity can be calculated exactly as in 
§ 35 ; all the assumptions made there are as applicable to the 
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molecules of a gas as to the free electrons in a metal, and we may 
write from (84) 


_ Xet 
2M 


(126), 


where M is the mass of a molecule, and t the time between two 
collisions by the same molecule, t is known from observations on 

QO v 1A14 

where W is the rnole- 


. . . . i € 2*89x10 

the viscosity or gases and ^ = 


W 


cular weight of the gas referred to the atom of hydrogen as 
unity ; for a field of 1 volt/cm. X = — !j“ . Hence we have for 


Hydrogen t = 1*06 x 10“ 10 , e/M = 1*44 x 10 14 , u = 25*4, 

Oxygen t = 2*45 x 10~ 10 , e/M = 10 13 , u — 4*1, 

Chlorine t = 1*67 x 10~ 10 , e/M — 4*5 x 10 J2 , u — 1*3. 

For the lighter gases it is always found that the velocities of ions 
of both signs are two or three times less than those calculated on 
the assumption that the ions are molecules of the gas. 

Accordingly it was formerly believed that the ions must consist 
of aggregations of several molecules collected round the charged 
electron or molecule under the influences of the electric forces due 
to the charge ; the charged particles were supposed to attract 
neutral molecules, as a charged rod attracts small pieces of paper. 
But there are difficulties in this view. For the same gas t varies 
inversely as the density, i.e. the number of molecules in unit 
volume; hence, if the nature of the ion remains the same at 
all densities, we should have from (126) up = const., where p is the 
density. For the positive ion this relation is found to hold when 
the density of the gas is changed by varying the pressure, and 
hence it would seem that the nature of the ion is constant. But 
if the ion were an aggregation of molecules, we should expect the 
number of molecules in the aggregation to be less at the lower 
densities, for the charged ion would have less chance of picking up 
neutral molecules and, consequently, we should expect the product 
up to increase as p decreased. Recent experimental evidence is 
still more strongly against the view and theory shows that if 
is unnecessary. 


c. E. T. 
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Sutherland has shown that the measurements are really quite 
consistent with the view that a positive ion is a single molecule 
bearing the charge e. The presence of the charge on the molecule 
and the resulting attractions of the ion for neutral molecules and 
for oppositely charged ions decreases very markedly the rate at 
which it will move through the gas under a given electric field. 
The calculation of the effect of these attractions is very compli- 
cated and only the result will be quoted here. It is found that 
the velocity of an ion in an electric field X should be given by 


eX = a 


BN 4 - ( 1 2 f 



.(127), 


where N is the number of molecules (not ions) in 1 c.c. of the gas, 
a ly ni v the radius and mass of a molecule, a 2i m 2 the corresponding 
quantities for the ion, B and G quantities determined by the forces 
between ail ion and a molecule, and olT the mean energy of a 
molecule at a temperature T. In the present state of our know- 
ledge of the internal structure of the molecule B and G cannot be 
calculated directly, but we may obtain some test of the theory in 
an indirect way. 

Since N varies as ljT, (127) may be written in the form 

= A . j Qj fji ( 128 ), 

where 

l/A GC («, + a. i y (a Wia ) (129); 


accordingly C may be determined from observations of the varia- 
tion of u with the temperature. Suitable measurements for this 
purpose are available only for air ; if G is put equal to 509*6, we 
obtain the following comparison of the observed and calculated 
values of u+ for different values of 1\ the value for 2 T =3 99 being 
put equal to 1 ; 


T 

411 

399 

383 

373 

333 

285 

209 

94 

u + (obs.) 

103 

1-00 

•95 

•93 

•86 

•71 

•49 

13 

u+ (calc.) 

1*04 

1*00 

•95 

*93 

•86 

•69 

•49 

•18 


The agreement is excellent, except at the lowest temperatures, to 
which the theory is not strictly applicable. 
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This test in itself provides no evidence as to the nature of the 
ion, for the variation of u+ with the temperature should be the 
same whatever the relative magnitudes of m j and m < 2 . But it is 
useful as showing that C/T is not very large compared with 1 and 
that, therefore, since C is not likely to vary very greatly in different 
gases, the term (1 4- C/T) will not be very different for different 
gases. Assuming, then, that (1 4- C/T ) is the same for all gases, 
and that the positive ion is a single molecule bearing the charge e, 
so that = m 2 , = a 2t we see from (120) that the quantity 

m^a^u should be constant for all gases. Table VII compares this 
prediction with the tacts, for all gases of which the values of both 


TABLE VII. 


Gas 

mlm h 

x 10 s 

U 

m^a^ujm^ x 10 1G 

h 2 

2 

2*17 

6*7 

44*5 

He 

4 

1*92 

51 

37*5 

o, 

32 

2*71 

1 *33 

55*0 

CO 

28 

2*74 

1*1 

44*0 

co 2 

44 

2*90 

0*79 

44*3 

n 2 o 

44 

3-33 

0*82 

59*5 

CL, 

71 

3-76 

l-o? 

119? 


u+ and a are known. The figures in the last column are certainly 
not constant, but the differences are not greater than can be easily 
attributed to the uncertainties in the quantities involved. It 
should be noted that nearly the same result would be obtained 
if it were assumed that the mass of an ion were a constant multiple 
of that of a molecule, but such an assumption, viewed in the light 
of our knowledge of gases, is intrinsically improbable. The matter 
could only be settled definitely by determining the constant B and 
comparing the observed and calculated absolute values of u + . 
There is no reason to believe that B might not have a value equal 
to that required by experiment; the work of Sutherland, though 
it has not established the proposition that the positive ion is a 
simple charged molecule, has removed all the objections which 
were urged formerly against that very probable hypothesis. 

These considerations apply strictly only to the positive ion ; on 
our theory the negative ion must be an electron immediately after 
its formation. Since later it resembles so greatly the positive ion, 
we must suppose that, soon after it is formed, it attaches itself to 

7—2 
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a molecule and thus becomes identical, except in the sign of its 
charge, with the positive ion. However, before it so attaches 
itself it will have had a short ‘ free life ' during which it will 
acquire a much greater speed than it would have done if it had 
been attached to a molecule ; this short period of freedom is 
probably the cause of the slightly greater average velocity of the 
negative ion. 

After the electron has attached itself to a molecule the velocity 
of the ion thus formed will be, like that of the positive ion, 
inversely proportional to the density of the gas. But if the density 
of the gas is decreased, the distance through which the electron 
travels before it meets a molecule will be increased ; it will spend 
a greater proportion of the time taken in travelling between the 
electrodes in a free state, and its average velocity will be higher. 
Accordingly we should expect the product u~p to increase as p is 
decreased and we find that in air it does increase very rapidly at 
pressures below 10 cm. And there is another way in which the 
velocity of the negative ion may be increased. The figures given 
in Table VI for air and hydrogen refer to those gases when they 
are ‘ dried’ by sulphuric acid; if a little water vapour is added 
the velocity of the negative ion may become actually smaller than 
that of the positive ion ; while if the greatest care is taken to 
remove all water u _ may be increased 50 times. Again, in argon 
and in nitrogen, and are nearly equal unless the greatest 
care is taken to remove all traces of oxygen ; when the gases are 
perfectly pure the velocity of the negative ion is 100 times greater 
than when they are slightly contaminated with oxygen or chlorine. 
These observations doubtless show that the electrons liberated 
when the gas is ionised attach themselves much more readily to 
some molecules than to others, and it is to be remarked that those 
atoms to which the electrons attach themselves most readily are 
also those to which we should attribute on electrochemical evidence 
the greatest affinity for negative electricity. The velocity of the 
positively charged ion is almost unchanged by the presence of 
these impurities, and hence it becomes somewhat improbable that 
it can also attract neutral molecules so as to form an aggregation. 
Our knowledge of the properties of the negative ion confirm our 
conclusion that the positive ion is a single molecule. 
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Attempts have been made from time to time to obtain in- 
formation about the nature of the ions from the study of the 
conductivity of a mixture of gases. If there are two gases present, 
we should expect at first sight to find two sets of ions moving with 
different velocities, and from the magnitude of these velocities in 
different mixtures we might discover whether the ions collect 
round them neutral molecules. Extensive experiments have been 
carried out in this direction by Wellisch, who was unable to detect 
any sign of the presence of more than one kind of ion in any 
mixture ; even when he introduced into hydrogen the ions formed 
in a very heavy gas (such as methyl iodide vapour), the velocity of 
the ions in the hydrogen was practically the same as that of 
hydrogen ions. 

These results appear very remarkable, but a reference to (127) 
will show that the difference between the velocity in hydrogen 
of hydrogen ions (u x ) and that of the ions of some very heavy gas 
(m 2 ) should not be very great. Leaving the term (1 + CjT) out 
of account, we have 

u, = (a, + <hf f 2 m L e 

u x 4a^ * \m l -f mj V 

Even if is infinitely large compared with m l5 the value of the 
second factor will be only a/2 ; and since the radii of different 
molecules do not differ very greatly, the first factor will not be ' 

very great. It is not to be expected that the ratio — 2 should be 

Ui 

more than 3 or 4, and since u for methyl iodide ions in methyl 
iodide is only 1/30 of that of hydrogen ions in hydrogen, u for 
methyl iodide ions in hydrogen should be much nearer the 
latter than the former value. It does not appear necessary 
to alter our views of the nature of the ions on account of such 
experiments. 

Information as to the nature of the ions might also be derived 
from a study of the quantities D and a (p. 89), but the experi- 
mental difficulties would be greater. Moreover, these quantities 
only measure the velocities of the ions under forces other than those 
of an external electric field and are necessarily connected with u 
by relations the form of which does not depend on assumptions 
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concerning the mass of the ion. The conclusions derived from 
such study as to the nature of the ion must be the same as 
those derived from the investigation of u. 


51 . It was stated in § 47 that after the electric intensity 
iomsation by acting on an ionised gas had attained a certain value, 
collision. a further increase produced no change in the current 

through the gas. This statement is not accurately true. If the 
gas is air at atmospheric pressure, the electric intensity may 
perhaps be increased to 100 times that required to produce 
saturation without any consequent change in the current, but if 
it is increased indefinitely a stage is reached at last at which the 
current increases very rapidly with the electric intensity; ulti- 
mately a spark passes through the gas. The range between the 
attainment of saturation and the rapid increase of the current 
decreases with the pressure of the gas ; at low pressures, indeed, 
saturation cannot be attained at all, because the increase leading 
to the spark discharge begins before the field is strong enough to 
make the effects of recombination negligible. 

A theory of this phenomenon was put forward almost simul- 
taneously by Townsend and J. J. Thomson. The ionisation of the 
molecule, involving the separation of opposite charges, requires 
the expenditure of energy. In the cases we have considered 
hitherto this energy is derived from the rays which ionise the gas ; ' 
but since the electric field necessary to produce the spark discharge 
is practically independent of the action of any external ionising 
agent, it is clear that, if we are to attribute the passage of the 
current to the production of ions, we must seek the source of 
energy required for the production of those ions in the electric 
field and not in the rays. An ion moving between two collisions 
freely in an electric field of intensity X acquires an amount of 
energy Xe\ where \ is the free path of the ion 1 . If X or X is 
increased sufficiently the energy of an ion when it makes a collision 
may be made as great as we please. According to the theory of 
Townsend and Thomson, if an ion when it makes a collision has 

1 In the experiments with which we are now concerned Xe\ is always large 
compared with the energy of thermal agitation. On p. 59 it was assumed that 
A r e\ was small compared with this energy ; consequently the results obtained are 
different. 
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acquired by moving through the electric held a certain amount of 
energy (which must be not less than that required to ionise a 
molecule), it will ionise the molecule with which it collides. 
When the stage is reached at which Xe\ is equal to this energy, 
each ion as it is produced will produce in its turn more ions, and 
the current through the gas will increase very rapidly. 

Of course the free paths of all the ions are not the same. Let 
X be now the mean free path and q — 1/A, the average number of 
collisions made by an ion in travelling 1 cm. Consider a large 
number of ions, n 0 , starting from the origin and travelling under 
the action of the field along the axis of x. Let n be the number 
of these ions which arrive at the point x without having made 
a collision; then since the number of ions colliding in a layer dx 
is qdx, we have 



or (132). 

Of the n ions which arrive at the point x without having previously 
made a collision the number which collide in that layer is nqdx. 
Hence, if ?? 0 ions start from any layer, the number which will 
travel freely a distance x and then collide in a layer dx is ?i tt qe~Q x dx. 
The chance that an ion will travel fieely a certain distance and 
then collide is independent of the distance which it has travelled 
previously, so that the previous sentence will be true if we substi- 
tute 'pass through * for ‘start from.’ Now the collision of an 
ion results in the production of a pair of ions if, and only if, x the 
distance which it has travelled freely previously to the collision is 
equal to or greater than b, where Xeb = eF 0 , the energy necessary 
to ionise by collision. Hence the number of pairs of ions produced 
by collision in any layer is n 0 qe~~ qh dx f where n 0 is the number of 
ions passing through a layer distant b from the first layer in the 
direction from which the ions are corning. We shall write 

a = qe~* h (133). 

Now consider a mass of gas contained between two electrodes 
a distance l apart and perpendicular to the axis of x (the positive 
electrode being at the origin) and ionised by rays which produce 
N pairs of ions in unit time in each layer dx. Let /, (x) be the 
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number of positive ions crossing the layer at x in unit time from 
the positive to the negative side and let f 2 (x) be the number of 
negative ions crossing the same layer in the opposite direction in 
the same time ; let the suffixes 1 and 2 refer in all cases to positive 
and negative ions respectively. Then from the result of the 
previous paragraph, the number of pairs of ions produced in unit 
time in the layer dx is 

[i\ r + ttj/i (x fed + a.jft (x -f b 2 ) ) dx. 

But since the difference between the number of ions entering a 
layer and that leaving it must be the number produced in that 
layer, and since ions of opposite sign are always produced in equal 
numbers, we must have 

[N + a,/, (.r - 6.) + ct,f, (x + b,)\ dx = & ^ dx = - dx 

(134V 

Since no ions enter the gas from behind the electrodes we must 
have 

/i(0)=/ a (i)-0 (135), 


and since the current i leaving an electrode must be equal to the 
number of ions arriving at it in unit time multiplied by the 
charge on each ion, we must have 


/.(*) = -/,( OH* 

(136). 

A solution of these equations is 


1 -N. 

€ — (L 2 e (l 

(137), 

where c = aie~ cbl — tue cbt 

(138). 


(137) states a relation between i , N (which can be measured) 
and the quantities a lf a 2} b lt b 2 which are at present unknown. 
By studying this relation, the values of the unknowns can be 
ascertained. Elaborate experiments of this kind have been carried 
out by Townsend and his pupils and confirm the theory completely. 
The values of a and b depend upon those of X y q and V 0 ; q is pro- 
portional to the pressure of the gas and hence by finding the value 
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of a and b for different values of the field and the pressure the 
magnitude of V 0 can be ascertained. V 0 is the potential difference 
through which an ion must fall to acquire the energy necessary to 
ionise by collision. 

It is found that for all gases the value of V 0 for the negative 
ions is between <S and 20 volts, but V 0 for the positive ions is 
very much greater ; in the matter of ionisation by collision there 
appears to be a very great difference between ions of opposite sign 
even in those gases in which the velocities of the two kinds of 
ions are practically equal. This fact is easily explained. It is 
proved in any treatise on dynamics that if two particles are 
allowed to approach each other under the influence of their 
mutual attraction, they will ultimately describe closed orbits 
round each other if their initial relative velocity is below a 
certain limit, but will fly apart again if that velocity is above 
this limit. When the velocity of the ions is being measured 
the electric field and, therefore, the velocity of the electron 
shortly after it has been ejected from the ionised molecule are 
very much less than when ionisation by collision is taking place ; 
an attraction between an electron and a molecule which results in 
the first case in a permanent attachment between them may 
produce nothing but a deflection of the motion of the electron 
in the second. There is nothing contrary to our theory in the 
hypothesis that the electron attaches itself to a molecule when 
the field is insufficient to produce a saturation current, but does 
not attach itself when the field is great enough to produce 
ionisation by collision. We may suppose, therefore, that in the 
experiments which we are considering here the negative ion is 
always a free electron, while the positive ion is a charged mole- 
cule ; the ions will be very different in their nature and it is not 
surprising that they have different powers of ionising by collision. 
But it must be remembered that the positive ion actually requires 
more energy than the negative ion before it can ionise by collision, 
and we must conclude that the energy which a system must 
possess in order to produce ionisation is not necessarily merely 
that required to separate the electron from the molecule but 
depends also upon the nature of the system producing the ionisa- 
tion. 
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52 . It will be seen from (137) that when a x = a 2 e d the ratio 
The spark f/A r becomes infinite. In a given gas e cl increases 

discharge. from zero with X jp ; if we increase the field or 

decrease the pressure sufficiently this stage will be attained. Of 
course the current will not really become 4 infinite ; in our calcula- 
tions we have neglected the effects of recombination, which, though 
they are very small under the conditions just considered, will set 
a finite limit to the current attainable 1 . But the conclusion is 
justified that when this stage is reached the current will have a 
large finite value however small is X, the ionisation produced 
by the external action. It is known that no gas is wholly 
free from all ionising agents, so that we should expect that it 
would be possible to maintain a large current through any gas 
by making the value of X/p sufficiently great. Of course this 
expectation is realised; the current which flows in the spark 
discharge can be maintained in a gas by an electric field which is 
practically independent of the action of an external ionising agent. 
Accordingly we may identify the field necessary to produce a spark 
with that necessary to make e cl = aja., ; the measured values of 
this field agree well with those predicted from the values of a u a 2 
and c deduced from Townsend’s experiments. Stark has introduced 
a useful nomenclature, according to which the spark discharge 
in any of its forms is called the ‘unsupported’ (selbsfcstandig) 
current, and distinguished from the ‘ supported ’ (unselbststandig) 
current which is determined by the presence of an ionising agent 
and alone can exist when the electric field is small. 

The unsupported discharge has been the subject of an immense 
amount of investigation both experimental and theoretical. When 
the pressure of the gas through which the discharge passes is not 
greater than a few millimetres of mercury it is seen that the 
luminosity is not uniform, but distributed in layers which are 
arranged differently round the two electrodes. But with the 
description and the explanation of these phenomena we are 
not immediately concerned ; the study of them adds hardly 
anything to our knowledge of the nature of the ions carrying 

1 A finite limit to the current is also set by the fact that when a current flows 
through the gas the electric intensity in the gas produced by a given p.n. between 
the electrodes changes. 



53] KATHODE RAYS 107 

the current and the method in which they are produced. khey 
are merely more complicated forms than we have considered 
hitherto of currents carried by ions produced by ionisation by 
collision, and so far as the various observations have been 
explained the explanations are based upon principles already 
enunciated. The only new point which we have to note is that 
it appears that the ions already present in the gas can produce 
fresh ions by colliding not only with the molecules of the gas but 
also with those of the solid or liquid electrodes. At the lower 
pressures most of the negative ions are produced by the impact of 
the positive ions on the kathode and not by their collisions with 
the molecules of the gas. 

53. It is only when the mean free path of the ions becomes 

comparable with the dimensions of the vessel m 

Kathode Rays. 1 . . 

which they are contained that phenomena appear 
which require special consideration here. 

If the pressure in a glass tube of the nature usually employed 
in investigations of the luminous discharge is reduced below 
*001 mm. a green phosphorescence of the glass in certain regions 
may be noted. It was shown by Hittorf in 1869 that this phos- 
phorescence is produced by the impact on the glass of ‘ rays ’ 
proceeding from the kathode. The term ‘ ray ’ denoted an in- 
fluence travelling in straight lines, so that any region between 
which and the origin of the rays lies a suitable obstacle is shielded 
from the influence , accordingly Hittorf’s proof of the existence of 
these kathode rays consisted in a demonstration that if a solid 
body were placed near the kathode a shadow of the obstacle was 
thrown on the phosphorescence in that part of the glass which lay 
on straight lines passing through points on the kathode and on 
the obstacle. Since it had been shown previously that the position 
of the phosphorescence was changed if the tube were placed in a 
magnetic field, Hittorf concluded that the rays were deflected 
from their straight course in such a field. 

A long controversy raged for many years round the nature of 
these rays. Goldstein maintained that they were aethereal waves 
essentially of the same nature as light : Crookes held that they 
were streams of particles electrically charged. The former relied 
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largely on an observation of Hertz, who showed that solid bodies 
were not absolutely opaque to the rays, which could pass through 
thin layers of gold or aluminium. The passage of particles even 
as small as atoms — and nobody had the temerity to suggest that 
the kathode particles might be smaller than atoms — through a 
solid body presented great difficulties, while the known properties 
of light showed that aethereal waves could traverse easily certain 
solid bodies. However there appeared to be no relation between 
the transparency of a body for light and that for kathode rays : 
gold leaf was more transparent to the latter than mica. 

On the other hand the deflection of the rays in a magnetic field 
is an immediate consequence of the view that they consisted of 
charged particles, while the upholders of the opposite contention 
could only suggest vaguely that the deflection was in some way 
analogous to the unexplained rotation of the plane of polarisation 
of light in a magnetic field. Perhaps the chief reason for the 
support which the wave theory received is to be found in an 
unwillingness to accept an alternative resembling so closely the 
corpuscular theory of light which had proved fallacious. 

Crookes sought to maintain his view by direct experiment. He 
placed in the path of the rays (which can be seen at low pressures 
as a faint streak of light stretching from kathode to anode) a little 
mill-wheel with mica vanes. When the current passed the wheel 
was rotated in the direction in which it would be rotated by the 
impact of massive particles travelling from kathode to anode. He 
also attempted to show that if two parallel beams of the rays were 
sent through the tube each was deflected by the presence of the 
other, as they might be if the rays consisted of particles carrying 
electrostatic charges. However, it is known now that neither of 
Crookes’ experiments can be interpreted in the sense given by 
their author 

As regards the nature of the particles, it appears to have been 
held generally that they were charged atoms, but Crookes, by one 
of those flights of intuition which are only remembered when they 
prove successful, maintained that they consisted of matter in a 
‘fourth state’ — neither solid, liquid, nor gaseous. 

Many scientific controversies have ended in the comforting 
conclusion that both sides were right and both wrong. But in 
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this case one of the alternatives has been definitely accepted and 
the other rejected. An experiment by Perrin was deemed con- 
clusive, in which he demonstrated that when the kathode rays fell 
upon a body it received a charge 1 . This charge was found to be 
negative. 

According to the theory that the kathode rays consist of 
charged particles, it is necessary to suppose that the particles 
possess a finite mass in order to explain the nature of their deflec- 
tion in a magnetic field. It appeared almost impossible at the 
time to measure the mass of one of the particles directly, but 
attempts to measure the ratio of the charge to the mass in accord- 
ance with the principles of § 17 were made between 1890 and 
1897 by Schuster and Wiechert. But these attempts were not 
very successful until J. J. Thomson devised in 1897 the method of 
the ‘ crossed ’ electric and magnetic fields (the ‘ second method * of 
p. 23). In his experiments a small bundle of the rays issuing 
from the kathode in a gas at a very low pressure was isolated by 
means of suitable screens and caused to excite a spot of phos- 
phorescence on a screen at the other end of the vessel ; during 
part of its path it passed through the crossed fields the strengths 
of which were adjusted so that the spot was undeflected. The 
velocity of the rays was thus asceitained; the value of ejm could 
then be found easily by removing the electric field and observing 
the deflection of the spot when the magnetic field alone acted. 

By this method Thomson deduced values for ejm between 
2 0 and 2*7 x 10 17 and for the velocity values between 0*3 and 
1*2 x 10 10 cm./sec. It is now known that the former values were 
too low and the values of the velocity (which depends on the P. I). 
between the electrodes) probably too high, but the very important 
conclusion was reached that whatever the nature of the electrodes 
from which the rays proceeded and whatever the gas through 
which they passed, the value of ejm was always nearly the same ; 
it certainly never differed in the ratio of 2 to 1 and there was no 
evidence that it differed at all. Moreover the value was from 700 

1 If all our present information as to * secondary radiation ’ (see Chap, XI) had 
been available, Perrin’s experiment might have seemed less convincing. But 1 fear 
that few of the ‘ crucial experiments * in the history of physics would stand a 
searching examination in the light of subsequent knowledge. 
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to 900 times greater than that for a hydrogen atom bearing the 
charge on a univalent ion. Unless the whole theory of kathode 
rays was wrong, one of two alternatives had to be accepted; either 
the carriers were atoms or aggregations of atoms carrying charges 
which were proportional to their mass and vastly greater than 
those carried by electrolytic ions, or the carriers were particles 
very much smaller than atoms, common constituents of all atoms 
and carrying the charge which was already known to be a universal 
constant. Thomson, of course, adopted the second alternative ; he 
asserted that he had proved the existence of bodies which were 
common constituents of all atoms; and to these bodies he gave 
the name ‘ corpuscles/ He thus produced the first piece of experi- 
mental evidence in favour of the existence of the 4 electrons ’ which 
Lorentz had introduced to explain the optical properties of dielec- 
trics 1 . 

Thomson’s measurements have been repeated by many investi- 
gators under much better experimental conditions and some of 
the most accurate measurements of e/m 0 have been made on the 
electrons constituting the kathode rays. Of course these rays are 
now regarded as electrons, set free when the molecules of the 
kathode are ionised by the impact upon them of the positive ions; 
at such very low pressure these electrons have a free path so great 
that they can travel through the whole vessel without colliding with 
a gas molecule and so being deflected from a straight path. Their 
kinetic energy is derived from the field causing the discharge and 
is equal to the potential difference through which they have 
fallen 2 . Any further account of the properties of the kathode 
rays is postponed until Chap. IX. 

1 The name ‘corpuscles’ has been generally abandoned in favour of ‘electrons,’ 
but Thomson himself naturally retains it in his writings. It should be noted that 
it was not proved that these corpuscles were identical with Loren tz’s electrons until 
some time after their existence had been demonstrated (see p. 148). 

- Perhaps the reader may think it strange that, if the rays acquire their speed 
by falling through the electric field, they do not all strike the anode. The ex- 
planation of this apparent anomaly is to be found in a study of the electric field 
between the electrodes. When the discharge is passing, this field is by no means 
uniform ; it is very intense quite close to the kathode in what is known as the 
‘Crookes dark space.’ The field in the region between the boundary of this space 
and the anode is comparatively small. The kathode rays acquire their energy by 
falling through the dark space and are almost unaffected by the field in the other 
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54 . The mean free path of the positive ions is not very much 

less than that of the electrons 1 , and it is therefore to 

Positive Rays. 

be expected that at low pressures the positive ions 
also should travel from one end of the vessel to the other and 
form positively charged rays moving in the opposite direction to 
the kathode rays. And such rays have been detected. Goldstein 
first observed that if the kathode were perforated there appeared 
in the region behind it rays which, like the kathode rays, produced 
Luminescent and chemical effects on substances which they struck. 
He was unable to deflect the rays in a magnetic field, but Wien 
produced such a deflection and showed that it was m the direction 
opposite to that in which kathode rays, travelling in the same path, 
would be deflected ; he concluded that the rays were positively 
charged, as was to be expected from their motion towards the 
kathode. Goldstein named the rays, from the method of their 
production, ‘canal rays/ but subsequent investigation, in which 
Wien and J. J. Thomson have been especially active, has shown 
that the rays are very complex and the more general term ‘ positive 
rays’ is now generally applied to them 2 . 

The method which has boon employed to discover the nature 
of the positive rays is similar in principle to that employed with 
kathode rays, but since the phenomena are much more complicated 
than in the first case some modification of it has been necessary. 
The particles in a bundle of kathode rays all have the same value 
of e/m and all nearly the same speed; consequently they are all 
deflected to the same extent and the application of the fields 
merely moves the spot on the screen from one point to another. 
But the positive rays are not homogeneous and when the fields 
are applied they are differently deflected ; the spot on the screen 
or the photographic plate which is used to detect them is 
spread out into a band. It is convenient to consider what 
will be the form of the band in two cases ; firstly when all the 
particles have the same velocity but different values of e/m, 

parts of the tube. The positive rays, however (see below), which are travelling in 
the other direction pass through the region occupied by the kathode, because they 
also acquire most of their energy close to the kathode. 

1 According to the elementary theory of gases the free path of an infinitesimally 
small particle should be four times that of a molecule of the gas. 

2 It will be seen however that all the ‘positive rays’ are not positively chaiged. 
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and secondly when they all have the same value of ejm but 
different velocities. 

Let the particles travel with a velocity v along the axis of z , in 
an electric field of intensity X and a magnetic field of intensity 
If parallel to x. If f and g are the accelerations of the particle 

6 \ 6 

parallel to x and y, /= X - , g = -II — v. Let the deflection 

of the particle be so small that v may be considered to be always 
parallel to z, and let the distance it travels in the fields be L 
Then since the time it is in the field is Ijv, its coordinates when it 
emerges will be 


l y « l * 

1 2 m v 2 


1 He l 2 
lJ ~ 2 c- m V v 2 ‘ 


Hence yjx = Av (139), 

-ifjx = B ejm (140), 


where A and B are constants independent of the properties of the 
rays. Consequently a bundle of rays which have the same value 
of v but different values of ejm will appear on the screen as 
a straight line ; while one for which ejm is constant and v variable 
will appear as a parabola. 

The appearance of the screen when struck by a bundle of the 
positive rays issuing through a fine hole in the kathode and 
passing through the parallel fields is very complicated and varies 
greatly with the pressure of the gas , but the figure traced by the 
rays has been analysed by Thomson into three simple types 
characteristic of three kinds of rays, all of which are sometimes 
present. 

(1) There is always a spot in the position x~y~ 0. This 
spot corresponds to undeflected rays which have no charge ; no 
direct deduction as to their nature can be made. 

(2) There are straight lines passing through the point 
= y = 0 and extending on the side corresponding to a negative 

charge on the rays as well as on that corresponding to a positive 
charge. These lines denote the presence of rays which have a 
constant v but a variable ejvu Some of the particles must be 
negatively charged. It is remarkable that for these rays the 
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value of v, though it differs for different lines, appears to be 
independent of the potential difference between the anode and 
kathode. 

(3) There arc parabolic arcs corresponding to rays with 
constant e/m but variable v. The maximum value of v for these 
rays is determined by the fall of potential in the discharge tube ; 
the range of values of v is not large. 

The nature of the third group of rays is obvious; they consist 
of positive ions produced in the gas somewhere between the anode 
and kathode (probably quite near the kathode) which have 
acquired a velocity determined by the potential difference between 
the place where they were produced and the kathode. The rays 
are the positive analogues of the kathode rays ; they appear to 
differ from the latter in having variable velocities only because 
they are produced between the electrodes and not at one of the 
electrodes, and so do not always fall through the full potential 
difference of the discharge. 

The nature of the first and second groups, which are un- 
doubtedly similar, is more obscure. The apparent variability of 
ejm is certainly to be attributed to a variation in the charge of 
the particles rather than m their mass. Some of the positive rays 
of the third class are travelling through the space behind the 
kathode with a velocity sufficient to enable them to ionise by 
collision, so that in this space there will be a certain number of 
free electrons. The more slowly moving positive rays may be able 
to combine with these electrons and so form neutral systems such 
as appear in the rays of the first class; and it is possible that the 
system so neutralised may be once more ionised by collision with 
an electron and so become positive, or it may pick up yet another 
electron and become negatively charged. If any of these changes 
in the sign of the particle take place when it has traversed part 
but not all of the fields, its deflection will be that corresponding to 
a particle which has a value for ejm intermediate between zero and 
the original value. 

So far all is clear, but it has yet to be explained why the 
velocity of the rays of class 2 appears to be independent of the 
potential difference in the discharge ; at first sight it would 
appear that these rays, being merely rays of class 3 which have 
e. e. t. 8 
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undergone changes of sign, should have the same speed as rays of 
class 3. In his earlier experiments Thomson was only able to 
obtain rays of class 2 for which the maximum value of e/m was 
3 x 10 u , corresponding to an atom of hydrogen bearing the 
charge e. He suggested accordingly that such a particle was 
a 'positive electron,’ a common constituent of all atoms, and that 
the process of ionisation consisted in splitting off from a molecule 
a 'neutral doublet,’ formed of a positive electron with a negative 
electron ; the doublet subsequently dissociated emitting the 
positively charged part with the velocity characteristic of rays of 
class 2. There were many difficulties in such a view, which was 
definitely disproved when rays of class 2 were detected which 
had different velocities and maximum values of ejm characteristic 
of atoms other than hydrogen which were present in the gas 1 2 . 

Thomson has therefore suggested another and very ingenious 
explanation of the constancy of v. In order that a particle should 
appear as a positive ray of class 2, it must have undergone two 
changes. Firstly it must have been neutralised by combination 
with an electron and secondly it must have been ionised again by 
collision with an electron-. If it is moving too fast, it will not be 
able to combine with an electron (see p. 105) ; while if it is moving 
too slow, it will not be split up again by collision with an electron, 
because the kinetic energy of the electron relative to the neutral 
system will be less than that required to produce ionisation by 
collision. The velocity of rays of class 2 must lie between the 
limits thus determined, and if the limits are close the velocity of 
the rays in the class would be almost constant ; the limits would 
vary with the nature of the original positively charged atom, but 
not with the potential in the discharge tube. An explanation of 
the fact that rays of class 2 are formed more easily in hydrogen 
than in any other gas is found in the small mass of the hydrogen 
atom, which makes it acquire more readily a velocity relative tc 
an electron great enough for ionisation by collision to occur. 

1 It is quite impossible to avoid the presence of hydrogen as an impurity ii 
a discharge tube such as Thomson used. 

2 It must be assumed that neutralization never occurs in the region affected b 
the fields ; otherwise there would be no necessity for the second change. There i 
some evidence for this assumption. 
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The explanation is attractive, but it does not seem capable of 
explaining the existence of a lower limit to the velocity of the 
negatively charged rays , and it must be noted also that with some 
gases negatively charged rays of class 3 appear which seem to 
have velocities at least as great as those of class 2. The problems 
connected with rays of class 2 (and with some other loss important 
phenomena of which no mention has been made) have not been 
fully solved. 

►Some of the most interesting results of Thomson’s work 
concern the values of ejm which he finds for various rays. It 
appears that the particles are by no means always single atoms or 
molecules of the gases in the tube bearing a single charge e, such 
as seem to form the positive and negative ions at high pressures. 
But since only the ratio elm can be determined and not e or m 
separately, there is some latitude possible in the interpretation of 
his measurements, for the results of which the reader should refer 
to his original papers. These results, so far as they throw any 
light upon the problems with which we deal, will be discussed in 
a later chapter. 

In addition to the positive rays just considered there are two 
other classes which deserve a brief mention. 

Firstly, there are the ‘ retrograde rays/ which are positively 
charged rays of the same nature as the positive rays travelling in 
the same direction as the kathode rays. They probably consist of 
particles which acquired their velocity when they were negatively 
charged m the neighbourhood of the kathode and have sub- 
sequently lost electrons after they emerged from the intense field 
in that region. 

Secondly, there are the ‘anode rays/ discovered by Gehrcke 
and Reichenheim, which consist of positively charged atoms 
derived from the anode when the kathode rays are incident 
upon it. They are probably similar to Richardson’s thermions 
(see p. 84) and are liberated by the intense local heating pro- 
duced by the impact of the kathode rays. 

These classes of rays have no special importance for the 
problems which are our chief concern. 


8—2 
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CHAPTER V 

MAGNETIC SUSCEPTIBILITY 

55. We have now considered in the light of the electronic 
induced mag- theoiy the properties of material bodies which art' 
negation connected with the constants K and a ; it remains 
to consider those connected with fi. 

It will be well to recapitulate briefly a few of the chief results 
of the theory of magnetism. If any body is brought into a vacuous 
space between the poles of a magnet, the distribution of the 
magnetic intensity outside that body will be changed by the 
developement on the body of an induced magnetisation. The 
magnetic intensity inside the body cannot be measured without 
making a hole. But if a hole is made in the body induced 
magnetisation appears on the walls of the hole, and accordingly 
the magnetic intensity in the hole will depend upon its form. 
Hence the magnetic intensity in the body cannot be defined 
uniquely unless the form of the hole is specified. Two specifica- 
tions are adopted. If the hole is a narrow cylinder such that the 
magnetic intensity in it is everywhere parallel to its axis, that 
magnetic intensity is termed the ‘ magnetic intensity in the body' 
and is denoted by H ; if it is an infinitely narrow slit the sides of 
which are perpendicular to the magnetic intensity within it, that 
magnetic intensity is termed the 4 magnetic induction in the 
body’ and denoted by B . The ratio B/H is termed the per- 
meability of the body and is denoted by fx, If I is the magnetic 
moment per unit volume of the magnet into which the body is 
converted by induction, then Ic — IjH is called the susceptibility 
of the body ; I is called the intensity of magnetisation, k is 
counted positive if the induced magnetisation is such that just 
outside the body the magnetic intensity due to it is in the same 
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direction as that of the inducing field, that is, if the north pole 
of the induced magnet faces the south pole of the inducing 
magnet. From the definitions of (i and k it is easy to show 
that fx = 1 4- 4 7rkc\ 1 

56. In respect of the property of induced magnetisation all 
„ bodies may be divided into three classes, diamag- 

dia-mag- netic, paramagnetic and ferromagnetic. In the first 

class the value of 1c is negative, in the second it is 
positive, in the third k is positive, but is determined by the past 
history of the substance as well as by its actual condition. The 
vast majority of substances are diamagnetic ; of the rest para- 
magnetic substances are almost all gases or liquids, while ferro- 
magnetic substances are always solid. In diamagnetic substances 
k appears to be independent of IT, while in most, if not all, 
paramagnetic substances k decreases as H increases so that a 
maximum magnetic moment is reached, when the body is said 
to be saturated, k for diamagnetic substances (except bismuth) 
is independent of the temperature ; for paramagnetic substances 
k (for small values of II) is inversely proportional to the absolute 
temperature over a considerable range. 

In addition to these qualitative differences between the classes 
there are quantitative differences. For any given substance k 
appears to be proportional to the density. If substances of equal 
density are compared, it is found that k for diamagnetic substances 
is generally very much less than that for paramagnetic, and that 
the range of variation of k is much less in the former than m the 
latter class. 

These differences between the diamagnetic and paramagnetic 
susceptibilities naturally suggest that they represent the properties 
of entirely different mechanisms. It is generally believed that 
the mechanism which gives rise to diamagnetism is common to all 
substances, so that all substances would appear diamagnetic, if it 
were not that some of them contain an additional mechanism 
giving rise to paramagnetic effects which mask the much less 
intense diamagnetic effects, 

1 Unit magnetic pole is here defined by means of the equation c 2 = force 

between poles. 
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57 . The possibility of developing an electronic theory of 
The older induced magnetism arises, of course, from the fact 
theories. that in a region occupied only by current circuits and 

non-magnetic bodies 1 the magnetic intensity, as defined from 
the theory of magnetism by means of the force on a magnetic 
pole, is everywhere proportional to the quantity H, defined 
by (3); the factor of proportionality is 1 if unit pole is defined 
as in § 55. Consequently the magnetic field due to any dis- 
tribution of magnetism, either permanent or induced, might 
be reproduced by the substitution for that magnetism of 
suitable current circuits; it can be shown that the current 
circuits necessary for this purpose would lie wholly within the 
region occupied by the magnetic bodies. The magnetic pro- 
perties of substances can be explained on the view that they 
contain certain current circuits the magnitude or position of 
which may be changed by an external magnetic field. The 
problem before us is to frame hypotheses about the conditions 
of the electrons in substances subjected to a magnetic field 
from which suitable values for currents, produced by the motion 
of those electrons and giving rise to the phenomena of induced 
magnetism, may be deduced. 

The hypotheses that are adopted are merely modifications of 
those by which Weber, Ampere, and Maxwell explained induced 
magnetisation. It was imagined that the molecules of all substances 
contained perfectly conducting current circuits. In paramagnetic 
bodies currents were flowing in these circuits, so that the molecule 
behaved as a magnet and under the influence of the external 
field tended to turn so as to place its axis along the direction 
of the field ; this tendency was resisted by forces of an elastic 
nature, so that the magnetic moment of the substance increased 
with an increase in the field till all the magnetic axes coincided 
completely with the direction of the field. In other bodies the 
molecules had no finite magnetic moment, either because no 
current was flowing in the circuit, or because the molecule con- 
tained several circuits the effects of which at external points 
neutralised each other. If the magnetic field acting on such 

1 No bodies are wholly non -magnetic, but such bodies as air have so small a 
susceptibility that it may be neglected for all hut the most delicate experiments. 
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a body were changed, currents would be induced in the con- 
ducting circuits, and, since the currents had no resistance, the 
currents would continue to How until they were neutralised by 
ail equal and opposite change in the magnetic field. In accord- 
ance with Weber’s Law these currents would be in such a direction 
that the magnetic intensity due to them would be in the opposite 
direction to that of the inducing field, so that the body would 
appear diamagnetic. 

Before proceeding to translate this hypothesis into the terms 
of the electronic theory one point connected with equation ((>) 
should he noted. The value of H in that equation is defined 
by (3), accordingly if in any region to which it is applied there 
are magnetic substances the values of the ‘ current ’ in (3) must 
include the molecular currents in the magnetic substance as well 
as the currents giving rise to the inducing field. The question 
now arises as to how the value for // thus obtained will be related 
to the magnetic induction or the magnetic intensity in a magnetic 
substance if the surface over which H is integrated in ((]) lies in 
that substance. 

The molecular currents occupy only an infinitesimal fraction 
of the whole volume ‘ filled’ by the magnetic substance. Ac- 
cordingly any surface drawn through the substance will not cut 
any of those currents, but will lie almost wholly in vacuous 
regions containing no magnetism. Such a surface will then be 
similar to an infinitely narrow slit in the magnetic substance 
and the magnetic intensity perpendicular to it will be simply 
the quantity which has been defined as the magnetic induction 
in the substance. We see then that, if the molecular currents 
are taken into consideration in deducing the value of H from 
(3), (6) states the familiar relation that the E.M.F. round any 
circuit is proportional to the rate of decrease of the magnetic 
induction through it. With the units adopted here the factor 
of proportionality is 1/cV 


1 It is stated in some text-books (for example the first edition of this book) 

that with the electrostatic system of units the value of /a for a substance in 
which k is 0 is l/{‘ 1 2 . This statement is incorrect; if fi is defined as it is 
defined here (and this is the usual definition) it is clear that m all systems 
of units /a must be 1 for all non magnetic substances; the factor l/e 2 must be 
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58 . According to the electronic theory, which has been do 
The electronic veloped chiefly by Langevin, the molecular circuits 
theory. 0 f the older writers consist of electrons revolving in 

closed orbits within the molecule. In a diamagnetic substance 
each molecule contains many such orbits, which neutralise each 
others actions at external points, owing to the / fact that the 
direction of revolution is different in different orbits; while in 
a paramagnetic substance the neutralisation is not perfect, so 
that the molecule as a whole has a finite magnetic moment. 
The diamagnetic susceptibility is due to the changes in the 
nature of the orbits produced by the magnetic field, the para- 
magnetic susceptibility is due to the orientation of those molecules 
which have' a finite magnetic moment. 

For the sake of* simplicity let us suppose that the orbits are 
circular and of radius r and that their planes are all perpendicular 
to the magnetic intensity H of the inducing field. Let o> be the 
angular velocity of an electron in its orbit about the direction of 
H and M the magnetic moment of the magnet to which the 
revolving electron is equivalent, M will be counted positive 
when the direction of H is from the south to the north pole of 
the equivalent magnet; it would be positive if the electron were 
positively charged and revolved round the direction of H in the 
positive direction. 

Let us first consider the value of M for one of the electronic 
circuits. It is a consequence of our electromagnetic theory that 
if a current circuit is equivalent to a certain magnet in respect 
of one magnetic action, it is equivalent to that magnet in respect 
of all magnetic actions ; accordingly we may choose for the esti- 
mation of M any magnetic action which is convenient. The most 
convenient action for our purpose is the couple exerted on the 

introduced by (6). But sometimes is defined by means of (G) which is then 
written in the form 

If this definition of /x is adopted and we continue to call the quantity pH the 
magnetic induction, we must say that the magnetic induction is not equal to the 
magnetic intensity in a narrow slit hut is 1/c- times that magnetic intensity. Of 
course if electromagnetic units are adopted, the factor 1/c 2 disappears m both 
these cases. 
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circuit by a magnetic field which lies in the plane of the cir- 
cuit; if the moment of the equivalent magnet is M this couple 


is MH. 


By (5) if 6 is the angle between the* direction of H and the 
radius passing through the electron, the force acting on the 

electron is cos ^ and the moment of this force about an 


axis through the centre of the orbit 

Hewr cos 0 . r cos 9 rm . P , 
. This force changes 


perpendicular to II is 
its direction when the 


electron crosses that axis; the average value of the moment of 
the force in cither half of the orbit on one side of the axis is 


1 M Heoor 2 cos 2 0 dO 
7 rj^/a c 2 2c 2 ’ 

and this is the average couple acting on the electron, 
couple is Mil , hence 


But this 
(141). 


Now let us examine the effect produced on such an orbit by 
placing it in an inducing magnetic field perpendicular to the 
plane of the orbit. Consider the forces acting on the electron 
while the magnetic intensity is being increased from 0 to its final 
value H 0 . First there are the molecular forces which maintain the 
electron in its orbit when no magnetic intensity acts, if these 
forces depend only on the radius of the orbit and not on the 
position of the electron in it, their resultant must be along 

the radius. Second there is the force , determined by 

the instantaneous value of II ; this force also acts along the 
radius, outwards if e and co are both positive. Third there are 
the forces arising from the variation of H . In accordance with 

\ d 

(fi) there is an E.M.F. E — — - , (H . 7t? ,S! ) round the orbit in the 

c (tt 

negative direction ; in order to revolve once round the orbit in 
the positive direction the electron must perform the work eE. 
Now it is certain that the electron revolves so rapidly that 
dH/dt changes very little during one revolution ; we may regard 
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the work as performed against a constant force eEj^irr. But 
the acceleration of the particle along the tangent to the orbit 

is (r J a>); hence we must have 
rat 


m n d 
r dt 


(r 2 o)) = - 


e d 
27 rrc 2 dt 


(H.irr*) 


(142) 


or from (141) 


dM __ e 2 d 
c It 4 w 0 c 4 di 


(Hr 2 ) 


,(143) 


Integrating from the time when Id is zero to that when Id — //„, 


SM = - / - . tf 0 r<> 2 . 
4?a f) c 4 


.(144), 


where SiW is the whole change in the magnetic moment of the 
orbit produced by the establishment of the magnetic field, and 
r {) is the final value of r. It will be observed that this result 
(which is confirmed by a more accurate investigation and shown 
to be applicable to orbits of every form) is independent of the 
forces acting along the radius. These forces need only be taken 
into account if we desire to know the change in co or r separately. 
This matter will be investigated later; it appears that r is 
unchanged by the magnetic field, so that the whole change in 
M is due to a change in co. 

Since M is independent of co, its sign will be the same for all 
the mutually compensating orbits in the diamagnetic molecule, 
even though the electrons in these revolve in opposite directions. 
Under the influence of the field these orbits no longer compensate 
each other, and the body will acquire a finite intensity of mag- 


netisation, I = — 2/ 0 , where N is the number of revolving 

qC 

electrons in unit volume and r the mean radius of the orbit. 
Since I is negative the body will appear diamagnetic and its 
susceptibility will be 


Nt*r 2 

4m 0 6* 4 


(145). 


It should be noted that since k depends only on € 2 , it would be 
impossible to draw any conclusions as to the sign of the charge 
on an electron from the direction of the induced magnetisation. 
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(145) cannot be tested directly by the insertion of numerical 
values, since we have no information as to the precise values of 
A r and r ; but we can find an upper limit to the susceptibility. 
For Nw {) , the density of the electrons in the substance, cannot be 
greater than p, the total density of the substance, while r cannot 
be much greater than 2 x 10~ 8 , the diameter of the simpler mole- 
cules. Hence we must have 


kip < }-{ ‘-Yx 4 x 10-“, i.o. < -!, x 8 x 10 
/f 4o 4 W 0 / G 1 

No body is known which violates this condition ; for most sub- 
stances kip is from \ x 1()~ 7 to 4.x 10 H \ 

C“ C“ 

Our theory of diamagnetism will be valid only so long as the 
distortion produced by the magnetic field in the electronic orbit- 
is not so great as to alter the nature of the molecular forces acting 
on the electron. Accordingly it is important to notice that the 
change produced in the orbit by the greatest fields attainable 
experimentally is quite insignificant. If t is the time of revolution 
of the electron, we have 


8M/M- / T' 2 = /7 / c • (-*-) • /- (146). 

4 w 0 c 4 / c 2 r \7 nj 4irc 


r is not likely to be greater than the free period of the electrons 
which determine the optical properties of the substance and is, 
therefore, probably less than 10 _10 sec. Hence 

8M/M < 1-3 x 10"« . U/c. 


Since for the greatest fields that can be obtained Hfc is less than 
1 0", the disturbance of the orbit caused by such fields is very 
small. 

Since we have supposed that the electronic orbits which 
determine the diamagnetic susceptibility are determined wholly 
by the internal structure of the molecule, it is clear that 1c should 
be independent of all influences which do not change the nature 
of the molecule ; in particular it should be independent of the 
temperature, which affects merely the speed of the molecules and 
not their nature, k is actually found to be independent of the 
temperature (if the density remains constant) for all substances 
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except bismuth. Since k is exceptionally large for this substance, 
it is probable that some other agency is at work. It has been 
suggested that in this case part of the diamagnetic susceptibility 
is due to the action of the magnetic field on the motion of the 
free electrons which give rise to the conductivity of the metal. 
The explanation is the more plausible because in bismuth the free 
path of these electrons is exceptionally great. 

59. In a paramagnetic substance it is supposed that the 
Paramag- electronic orbits in the molecule do not compensate 

netism. completely each other’s magnetic fields, so that the 

molecule as a whole has a magnetic moment. The first action of 
the field on such a molecule will be to change slightly the nature 
of the orbits in the way which has been considered in the previous 
paragraph, but this change will not affect materially the magnetic 
moment of the molecule. A further change will now ensue. The 
molecules, the magnetic axes of which were formerly distributed 
equally in all directions, will tend to turn so as place those axes 
along the direction of the field, and, if there are no forces resisting 
this tendency, equilibrium will be attained only Avhen all the axes 
lie along the field and the state of magnetic saturation is 
attained 1 . If M is the moment of each molecule, N the number 
of molecules in unit volume, the saturated intensity of magnetisa- 
tion will be l n — MN. 

But this orientation of the molecules is resisted by actions 
between the molecules. If the substance is a gas the molecules 
exert no influence on each other except when they collide, but 
the result of these collisions is to make the energy in each degree 
of freedom the same for all molecules. Under the action of the 
field the molecules begin to acquire a kinetic energy of rotation 
about axes perpendicular to the magnetic axes, and by means of 
the collisions this energy will be abstracted from this degree of 
freedom and distributed among the degrees of freedom corre- 
sponding to rotations about other axes and to translation; the 

1 The molecules of a diamagnetic substance, even when they have acquired a 
finite magnetic moment owing to the action of the field, do not tend to rotate, 
because the moment induced in the molecule by the field does not depend on the 
position of the molecule relative to the field ; the energy of the induced magnetism 
in the field does not depend upon the position of the molecule. 
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magnetic energy of the molecules will be converted into heat 
energy of the gas. A state of statistical equilibrium will be 
reached finally in which the tendency of the molecules to set 
themselves in one particular position is counteracted by the 
tendency of the collisions to make them set themselves equally 
in all directions. When this state is reached no further energy 
will be taken from the magnetic field and converted into heat. 

The nature of this final equilibrium can be calculated by the 
methods of the dynamical theory of gases. The problem is similar 
to that of determining the steady distribution of the molecules in 
a gravitational field (cf. p. 26). It is found that if I is the final 
intensity of magnetisation of the gas, T its absolute temperature 
and a the constant of p. 57, 

^ = coth a — - (1^7), 

where <’ = ^ (148). 

If HjT is small (147) becomes 

///o = «/3 (149), 

so that the susceptibility of the substance for small values of 
II is 

= ^ (150). 


It will be observed that k is inversely proportional to the tem- 
perature, a relation which is found experimentally in most cases. 
Since ctNT^p, the pressure of the gas, we may also write 


k = 


/o 2 

Sp 


(151). 


The most notable example of a paramagnetic gas is oxygen, 
for which k = 1*43 x 10” 7 /c 2 at atmospheric pressure, so that 
/ 0 = 0*65/c. If we attribute the magnetic moment of the 
molecule to the presence of a single electron revolving with a 
period t in an orbit of radius r, we have 
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or, putting r=]‘5x 10~ 8 , the radius of the oxygen molecule, 


1-29 x 10 10 x ttx(T5x 10“ 8 )~ 
0*65 c 


= 10 1,1 sec. about. 


The value of r thus obtained is quite consistent with what we 
know on other grounds of the nature of electronic orbits. 


60 If the magnetic substance is solid there will be forces 
Ferro-mag- between the molecules other than those due to 
netlsm their collisions; consequently the susceptibility will 

depend on other quantities than the temperature and we may 
get the more complicated phenomena of ferro-magnetism. By 
making plausible assumptions about these intermolecular forces 
it is found possible to attain an adequate explanation of those 
phenomena; the consideration of these theories lies outside our 
scope, but one point is important. We know that when the 
temperature of a solid is raised sufficiently the molecular forces 
which determine the mechanical properties of the solid change 
suddenly when a certain temperature is reached and the solid 
melts; we should expect a similar sudden change to take place 
in the molecular forces determining the magnetic properties of 
the 4 solid at some definite temperature, but, since the molecular 
forces are doubtless not the same in the two cases, it is not 
necessary that the sudden change in the susceptibility should 
take place at the melting point. It is found, indeed, that for all 
ferro-magnetic substances, there is a definite temperature of tran- 
sition at which the phenomena of ferro-magnetism disappear and 
the substance becomes merely paramagnetic. This temperature, 
which is often called the ‘ Curie point/ is usually considerably 
lower than the melting point. 

Now we have seen that the magnetisation of a paramagnetic 
body produces heat in it, and conversely the heating of such a 
body changes its magnetisation. Such a change requires energy, 
and we should expect that the amount of heat required to raise 
the temperature of a body (i.e. its specific heat) would depend 
upon its paramagnetic properties. Such a dependence is found, 
and it is found moreover that the specific heat of a ferro-magnetic 
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body changes suddenly at the ‘ Curie point ’ ; indeed from the 
study of the magnetic properties of ferro-magnetic substances at 
lower temperatures, it has been found possible to predict accurately 
the temperature of the ‘ Curie point ’ and the magnitude of the 
change of the specific heat at that temperature. 

Some very interesting results have been obtained by Weiss (to 
whom our theory of ferro- magnetism is chiefly due) from the study 
of the magnitude of the paramagnetic susceptibility of various 
substances. Suppose we consider, not unit volume of the sub- 
stance, but a gramme-molecule of it, so that in comparing different 
substances we are dealing with the same number of molecules in 
each case , then if we write k' for the quantity corresponding to 
Jc, we have 


k' = 


M%;~ 
ZRT ‘ 


.(152), 


where v Q is the number of molecules m l gramme-molecule, and 
R — av 0 is the ‘ gas constant ’ for a gramme-molecule, a universal 
constant. Weiss found that for magnetite at temperatures above 
the Curie point, the curve relating k' and l/7 T was not as it should 
be from (152), a straight line passing through the origin, but a 
series of such lines separated by finite discontinuities in the value 
of Jc at certain temperatures, corresponding to sudden changes in 
M , the values of M corresponding to these 1 lines were closely 
approximate to 4 B, 5B, i)B , HB , 10 B, where B= 10*4 x 10““/c. 
On studying the values of susceptibility for other paramagnetic 
substances Weiss found that M always appeared to be a multiple 
of this same quantity B ; hence he concludes that the molecules 
of different paramagnetic substances differ not in the nature of 
the uncompensated electronic orbits which they contain, but 
simply in the number of such circuits, which are always of the 
same nature. This conclusion, if it is confirmed by further work, 
is of the utmost importance, for it appears to indicate the exist- 
ence of a structure common to all atoms, or at least to all para- 
magnetic atoms. An uncompensated electronic orbit having the 
moment B is called by Weiss a ‘magneton'; (141) shows that 
it may be represented by an electron revolving in an orbit of 
radius 10“ 8 cm. with a period of about 10“ 14 sec. 
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60a. We must now consider some rather curious and difficult 
Magnetic questions connected with the energy of magnetised 

en e f gy. bodies. 

According to our theory of diamagnetism the process of pro- 
ducing the induced magnetic moment in a diamagnetic body 
consists in exciting currents in the electronic orbits contained in 
its molecules , we should expect then that the energy of the 
currents so excited would be equal to the energy spent in exciting 
them. It appears at first sight that this expectation is obviously 
correct. If we consider the induced magnetism to be produced 
by moving the body from a place where II = 0 to a place where 
II = i/ 0 , it is easy to prove that the work which must be done in 

order to produce this displacement is — Mdll , where M is the 

magnetic moment of the body when the magnetic intensity is II. 
"The negative sign must be prefixed to the integral because if M 
is negative and the body diamagnetic, it is repelled by the magnet 
producing the field H , so that a positive amount of work must be 
done on it in order to bring it near that magnet. But M - kll , 
so that the work is 

On the other hand the change in the energy of the currents 
is the change of the kinetic energy of the electrons m the orbits, 
that is {(a> + Sco)~ — w 2 J. Now r is unchanged, while 

e II Mit c*. 


hence 


Bco = — , 


(cf. equation (167), p. 148). But = 0, since the molecule has 
no magnetic moment in the absence of the field, so that the change 
in the energy of the currents is 

VI /X V VeV'-'#- 

2WS»)-r-= 8WoC4 . 

which is, as we expected, equal to the work done in exciting 
them. 

But now two apparent difficulties arise. Firstly, we appear 
C. E. T. 9 
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to have proved that the energy of the diamagnetic substance in 
the magnetic field is greater than its energy out of the field. 
But, on the other hand, we know that the introduction of a dia- 
magnetic substance into the neighbourhood of a current circuit 
exciting a magnetic field diminishes the energy of that field 
because it diminishes the self-induction of the current. This 
apparent contradiction is not peculiar to our theory of diamag- 
netism and is mentioned here only because the discussion of it 
will help us in treating a second and far more important 
difficulty which may be stated thus. 

We have assumed that the energy necessary to produce the 
induced currents in the diamagnetic substance is equal to the 
increase produced in the kinetic energy of the particles carrying 
those currents. We seem forced to extend the same assumption 
to other currents, such as those flowing in a conducting wire. 
Now the energy necessary to make a current i flow in a con- 
ducting circuit is \ Li 2 jc~ = E x (say), w T here L is the self-induction 
of the wire circuit; on the other hand if N is the number of 
electrons in unit length of the circuit, v their velocity, and l 
the length of the circuit, the kinetic energy of the electrons is 

^ Nlin 0 v - = K 2 (say) ; since i — Nev y \ li 2 . m 0 /e . ^ . Now L 

depends on the shape of the circuit, and hence the first ex- 
pression for the energy depends on that shape, but the second 
expression depends only on the length of the wire and not on 
the shape of it. The two expressions cannot possibly agree for 
all circuits, and it is easy to see that if we substitute for m 0 the 
value which we have given to it, they will not agree for any 
circuit. For it appears that L is always greater than 2/, while 
Ne for the thinnest obtainable metallic wire cannot he less than 

2 

10 3 . Hence E x jE 2 cannot be less than - x 5*3 x 10 17 x 10 8 , 

X JlU“ 

i.e. cannot be less than 1 2, For any ordinary circuit the quantity 
will be very much greater. 

I hope that the reader will consider well these contradictions 
and attempt to discover the fallacy in the arguments which have 
been used in stating them, before proceeding to the solution of 
them which will now be given. 
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In the first case the fallacy is really very simple. In calcu- 
lating that the work required to produce the induced magnetic 
moment is it is assumed that H remains constant while 

the diamagnetic body is moved into the field ; but while the body 
is being moved into the field the cm rent exciting the inducing 
field will tend to increase owing to the decrease of the self- 
induction of its circuit. In order to keep the field due to that 
current constant, we must subtract energy from its circuit ; the 
energy which must be taken from its circuit in order to keep H 
constant is greater than the work done on the diamagnetic body, 
so that the energy taken from the system is greater than that 
given to it and the whole energy of the system decreases. If 
the simple form of Weber’s theory is adopted, according to which 
a diamagnetic body is equivalent to a circuit of no resistance 
and constant self-induction, it is easy to show that the decrease 
in energy of the whole system, when the diamagnetic body is 
moved into the field and that field is kept constant, is equal to 
the work done on the diamagnetic body and therefore equal to 
the increase in the energy of that part of the system. 

Now we can see the solution of the second difficulty. If we 
considered only one electron in the conducting circuit and esti- 
mated the energy which we must communicate to that electron in 
order to give it the velocity v, while the magnetic field due to the 
rest of the circuit remained unchanged, then we should find that 
this energy was $m Q v 2 ; and if we repeated the operation on each 
electron m turn we should find that the total energy was 
But this is not the energy which we measure when we start a 
current in the circuit; we measure then the energy required to 
give each electron its actual velocity while the magnetic field 
due to the rest of the circuit is maintained at ins actual value, 
together with the energy required so to maintain the field at its 
actual value ; the second portion of the energy depends upon the 
shape of the circuit and is very much greater than the first part 
in all actual cases. 

Let us look at the matter in another way. The difficulties to 
which attention has been drawn arise from the fact that a moving 
electron, being equivalent to a current, possesses, like a current, 
magnetic energy which can be regarded as distributed in the 

9-2 
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space round it. It is known that, if H is the magnetic intensity 
at any point in a given volume S , the amount of magnetic energy 

contained in that volume is „ f IPdS. If there is only one 

Sire 2 ] s 

moving electron producing the magnetic field, the value of H will 
be determined at every point by the properties of that electron 
alone and the magnetic energy may be considered as part of the 
energy of the moving electron. But if there is a field produced by 

other currents, the energy in the field will be - ^ - f (II 1 + H»y dS, 

CiTTC j s 

where II \ is the value of H determined by the electron under 
consideration and II 2 the value determined by the other currents. 
The expression to be integrated is no longer the sum of that which 
would be present if the electron existed alone and that which would 
be present if the other currents existed alone, but contains an 
additional term 2 Thus, in the case of the current flow- 
ing in a conducting circuit, the whole magnetic energy in the space 
surrounding the circuit is not the sum of the energies which would 
be present in the same space if each electron of the circuit existed 
alone ; there is an additional term depending on the mutual actions 
of the electrons, and we cannot, in general, regard the energy of the 
field as made up of parts, each of which is to be attributed to a 
single electron. 

But there is one special instance of importance. If we act on 
one electron by one set of forces, while with another set we keep 
constant the field i/ 2 due to the other electrons, then the work 
done by both sets when the motion of the first electron is changed 

so as to produce a change SH l in H 1 is —J — j (SHd + 

Now it appears that the second term in this expression is the 
work done by the second set of forces, while the first term is 
that done by the first set. Accordingly, if we regard only the 
work done by the first set, the work done in order to produce 
a given change in the motion of the electron is the same as if 
the electron existed alone in the field. If we measure the work 
required to produce a change in the motion of the electron either 
when there is no other field or when the field due to other sources 
is kept constant by a totally different source of energy, then we 
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shall always get the same result and, consequently, the same 
mass for the electron. The reader may see for himself that this 
condition is fulfilled in all the cases in this volume where we 
regard the phenomena as determined by the quantity 


61 . But what is the proportion of this magnetic energy of 
* Eiectromag- th e electron to its total kinetic energy? According 
netic mass.’ to (14) the value of //j at any point is evsinO/r 2 , so 
that the whole magnetic energy of the electron outside a sphere 
of radius a drawn round it is 


1 

87 rc 2 


* r , , sin 2 0 
e~v- 

0 J a r 


277 t 2 sin 0 dr (10 = \ 6 ~. 

L ( (C 2 


Thus the energy is proportional to v 2 and the magnetic energy will 
appear as part of the kinetic energy. The less the value we assign 
to a the greater this part will be; since the magnetic energy 
cannot he greater than the whole kinetic energy h7i 0 v 2 , a cannot 

be less than , or 1*8 x 10~ 13 cm. If we assign to a this 

value and suppose that there is no energy inside the sphere with 
radius a, the magnetic energy will be equal to the kinetic energy; 
the electron will have no ‘ true 5 kinetic energy and its apparent 
mass will be solely due to electromagnetic actions. 

The true value of a must be related to the distance from the 
electron at which the law relating the electric displacement and 
that distance undergoes a change ; if we suppose there is no energy 
inside the sphere the electric displacement must be zero within it. 
In the case of a molecule carrying a charge we have every reason 
to believe that a is of the order of 10~ 8 cm. (for it is at about this 
distance that the forces excited by a molecule change), so that the 

4 electromagnetic mass’ of a molecule, ks about 1*6 x 10“ 32 

grm., and vastly less than the whole mass of the molecule, which 

1 In many such cases, e.g. optical phenomena or the deflection of kathode rays, 
we are considering not one electron but a huge number of elections, all of which 
are moving with the same velocity. In these circumstances, the electrons have no 
relative velocity and exert on each other no electromagnetic force and each 
behaves as if the otheis weie not there. In other cases, e.g. diamagnetism, the 
forces between the electrons are neglected on the giound that they will be too small 
to be appreciable. 
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is always greater than 10~ 24 grin. But as a matter of fact there 
is no experimental evidence whatsoever that the relation between 
the electric displacement and the distance from an electron is not 
constant down to distances as small as 10~ la ; we know of no reason 
(except that the mass of an electron is finite) for supposing that 
this relation is not the same down to infinitesimal distances, that 
is to say, we have no evidence, such as we have in the case of 
molecules, to make us suppose that the radius of an electron is 
finite. Accordingly we can make a as small as we please and 
imagine, if we like, that a has actually the value whicli would 
make the magnetic energy of the electron equal to its total 
kinetic energy. We may adopt this hypothesis, but it must be 
clearly understood that, though there is no evidence against it, 
there is equally no evidence for it ; in the present state of our 
knowledge it makes not the smallest difference whether we make 
it or not ; all that we actually know is that an electron behaves 
as a point charge at the smallest distances which we can investi- 
gate directly, and of course these distances are vastly greater than 
the value we have assigned to a. 

It might seem that we could obtain some information as to 
the value of a from the fact that the total work required to 
produce a change hH x in the field due to an electron is 

since we can measure the term 2 H^H X which depends upon the 
distribution of H l round the electron. But it must be remembered 
that our doubt concerning the distribution of only extends 
to distances from the electron which are small compared with 
molecular distances ; it is known that outside those distances 
an electron behaves as a point charge. Now if we take the 
value of JSHjdS over any sphere surrounding the electron the 
value will always be zero, since H l is distributed symmetrically. 
Unless, therefore, varies markedly throughout such a sphere, 
the value of JH^SH^dS over the sphere will also be zero. But 
of course all the magnetic fields that we know anything about 
directly are sensibly constant over distances small compared with 
molecular radii, and when we are concerned with such fields the 
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total value of the term will be quite independent of that part 
of it which corresponds to very small distances from the electron. 
Whatever distribution for H l we assume at such small distances 
the total value of the term j will be the same Nor 

can we discover anything from the magnitude of the first term 
f (SlfiYdS, for it is obvious that it makes no difference to our 
estimate of the work required to change the velocity of an 
electron whether we regard this term as having the form 

frc rcc 

I (&H x ) 2 dS or the form -f \mv\ so long as a and a 

J n J a ' 

are less than any distance which we can investigate directly. 

It is impossible in any reasonable space to discuss all the 
difficulties which may occur to the thoughtful student in con- 
nection with the distribution of magnetic energy, but I hope 
that the principles which have been employed in solving those 
raised in the last two paragraphs will enable him to solve any 
others that may suggest themselves to him. 
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62. In Chapters II and III we attributed the optical pro- 
Generai perties of material substances to the presence within 

principles. them of charged particles which were set into 

motion by the electric intensity in the light disturbance. The 
motion of these particles, like that of the electrons giving rise 
to the phenomena of diamagnetism, will be changed if the body 
is placed in a magnetic field ; accordingly the optical properties 
of the body will be changed when it is placed in such a field, 
and these changes are of such importance that it is desirable to 
consider them in a separate chapter. 

Let the direction of the magnetic field be that of the axis of 
z, and let its intensity be H; let the components of the electric 
displacement m the light disturbance be P, Q, R outside the 
body and P lt Q l} R x within it. Then in addition to the force 
on the particle due to the electric intensity there will be, in 
accordance with § 16, a force at right angles to the direction of 
its motion and to the magnetic field ; the equations of the motion 


of the particle corresponding to (34) will be 

eH 

mx + fa ™ y — knreP x = 0 (154), 

c 

eH 

my + fy + — x — 4 7reQ i =0 (155), 

c 

rnz + fz — ^TreR x = 0 (156). 


If the electric displacement is parallel to H y the magnetic 
field has no effect; if it is not parallel to H, the motion of the 
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particle is not, as in § 24, always confined to the plane of the 
electric displacement. We will consider here only the case when 
the light is travelling parallel to H , so that 11 = 0 and £ = 0. Any 
harmonic vibration, corresponding to light of a single frequency, 
m the plane ZTcan be regarded as composed of two oppositely 
directed circular vibrations in that plane of suitable amplitude 
and phase ; accordingly if we solve the equations for two oppositely 
directed circular vibrations we may combine the results to obtain 
the solution for any other case. 

Let a plane wave of circularly polarised light fall on the 
substance ; the electric displacement in it may be represented by 
P = A cos ( pt — qz), Q = ± A sin (pt — qz) y where the upper and 
lower signs denote respectively positive and negative rotations 
of the displacement about the direction of II. The motions of 
the particle excited by this light are circular, the rotation being 
in the same direction as that of the electric displacement 1 . 
Hence the solution corresponding to (35) is 

4 \TTP 

<*, y) Tjf (C Q) (ISO- 

/ — p 2 ill + - p 4 - 47 rNe 2 

C“ 


Proceeding precisely as in § 24, we find 

+ — 7 - "^: 7TT7\ < 158 >’ 

7T7U *v “ V" + -- 

\ ZTTC-m/ 

the suffixes 4* and — denoting throughout the quantities 
appropriate to light polarised circularly in the positive or 
negative direction; v is the frequency of the incident light, 

r ° ~ 2~7 t fr e( l ucnc y () i the free vibrations of the particle 

in the absence of the magnetic field. 

The frequency of the free vibrations of the particle in the 
magnetic field may be determined from the equations resulting 

1 Perhaps it is worth while to point out that the dnection of the rotation of 
the particle excited by a given light vibration is independent of the sign of the 
charge on the particle. What is here called positive circularly polarised light 
is usually known as ‘left-handed circularly polarised light,’ for when viewed 
in the opposite direction to that of its propagation, it appears to rotate counter- 
clockwise. 
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from putting = Q, = 0 in (154), (155). If the vibrations 
are circular and of frequency v\ they may be represented by 
x = a cos 27rv't, y ~ ± a sin "linlt, the upper and lower signs again 
denoting rotations in the positive and negative directions about 
the direction of II. We then find 


, 2 eH , 

v± 2 = Vi + 5 7 

Z7rc~m 


(159). 


It is to be observed that it is not possible to deduce (158) from 
(45) by substituting v for v (n because the effect of the magnetic 
field on the vibration of the particle when executing forced 
vibrations under the influence of the light is determined by the 
frequency of that light and not by the frequency of the free 
vibrations which it would execute in the absence of the light'. 


63 . Suppose now that a plane wave of plane polarised light 
The Faraday falls on the substance. Such a wave may be 
effect regarded as compounded of two opposite circular 

vibrations of equal amplitude, which travel with equal velocities 
outside the substance. If the plane of polarisation is that of yz t 
the electric displacement being perpendicular to it may be 
represented outside the substance by 

P = A jcOS/>(<-*)+COH/>(«-^j, 

Q = 0 = A jsin_p (t — *) — sinp (t — *)j ...(ICO). 

Inside the substance the opposite circular vibrations travel with 
different velocities v± = c/?i±; hence the electric displacement 
may be represented by 

P = A jeos p + cos p (t - ~)| , 

Q=* A ] sitl p(t- -J-) - sin p (t - ~) J . 

1 I point this out because the mistake was made in the first edition of this 
book. The chapter on Magnetism in that edition is almost entirely fallacious, the 
correct formulae being attained in some cases only by the mutual compensation of 


errors. 
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or 


P = 2 A cos p 1 1 — ^(n + + «_) • cos ^ (w_ - ?> , ), 


Q = 24 cos p \t - ( n + + »_) j st n *** (m_ - n + ) . . .(16 1 ). 

I '■ t * i zc 


This represents for any given value of z a plane polarised wave 
of which the plant* of polarisation makes an angle 8 (counted 
positive when the plane is rotated in the positive direction) with 

the plane yz , where 8 = ^ (n_ — //+)• Hence after passing through 

a thickness l of the substance the original wave wdl emerge still 
plane polarised, but with its plane rotated through an angle 8 in 
the positive direction, where 

8 = -n+) (102). 


In the experiments to which we shall apply (162), 


dlv 

'lirtfin 


is 


always very small compared with v^ — v 2 . Hence we may write 
n + 1 /<_ = 2w, where n is the refractive index in the absence of 


a magnetic field, and neglect a term 
Therefore 




jjv ( 2 _ 2 . _ H , v 2 Ner 

2cn - + c 2nc 2 * ttvi (vq 2 — v 2 f 


(163). 


According to Chapter II a medium containing such particles 
as we have considered corresponds to a transparent medium 
acted on by light the frequency of which is not near to that of 
the free vibrations of the particles in it ; we saw further that in 
order to explain completely the properties of such a medium it 
was usually necessary to suppose that there were present particles 
attached differently to the molecules and having different values 
of e/m. Hence we should write in place of (163) 


H i v * v Ne* 

C * * 2 tic 2 ~ 7 TM 2 (Vo — v 2 )~ 


(164). 


Comparing (45) and (164) we see that 8 is not in general a 
function of the refractive index , in order to deduce 8 from 
observations on the refraction we should have to determine the 
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values of iV, e vi, j/ rt for each of the different groups of particles, 
and we have seen that the accurate determination of these 
quantities for all the groups is impossible even for those 
substances of which the refraction has been the most completely 
investigated. But, if we might assume that the value of e/m is 
the same for all the groups, we might write from (45) and (164) 

dn 


*— H .i . 


e 

vi 


dv 


.(165), 


or, introducing X, the wave-length 
place of v, 




in vacuo of the light, in 


e dn 
m ' dX 


(166). 


A rotation of the plane of polarisation of light travelling 
through a transparent substance in the direction of the magnetic 
field was first observed by Faraday, who was unable to explain 
the action ; it has since been observed in all the transparent 
substances which have been investigated. A formula 




u 

c 


.l.X 


dn 

dX’ 


el 

which is identical with (166) if we put = was proposed 

on purely empirical grounds by Becquerel, and agrees fairly well 
with observation. The following table (taken from Schusters 
Theory of Optics) gives the value of ft for various substances ; 
according to our theory and Becquerers ft should be a universal 
constant. 


Gas Substance ft x 10 4 Substance ft x 10 4 

0 2 1 “520 IBO 1-96 

<J0 2 1*91 CS 2 1*30 

Taking the mean value of ft as 1*6 x 10 -4 , we find 

e/m = 1 6 x 10- 4 x 18 x 10 20 = 2*9 x 10 17 . 

This value is not very different from that characteristic of an 
electron, 5*3 x 10 17 ; we should expect it to be rather smaller than 
that deduced on other grounds, because the value of e/m for some 
of the particles is, as we saw in § 28, a great deal less than that 
for an electron. We get a much better agreement with experi- 
ment if in determining 8 we neglect altogether the effect of 
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those particles for which elm is small (163) is then accurately 
true, but in deducing a relation similar to (166) we must consider 
only that part (n) of the refractive index which is independent of 
these same particles Now the particles with the small values 
of ejm are those which have free periods m the infra-red ; 
accordingly n is the value of n obtained from the empirical 
formula (49) by putting M r = 0, and it is easy to see that m 

T) * ( 1 1 ) / ci 11 

(166) we should substitute for It is found that (166) 

' n d\ a X 

thus altered agrees admirably with experiment. 

We may conclude that our general theory of the Faraday 
effect is adequate and that the rotation of the plane of polarisation 
is determined by the effect of the magnetic field on the vibration 
of the ‘bound’ charged particles, which are for the most part 
electrons. But we must note that, according to (163), the sign 
of 8 is determined wholly by the sign of the charge on the particle, 
since all the factors except e K are essentially positive. If e is 
negative 8 should be positive, that is to say the plane should be 
rotated in the direction in which a current would have to how 
in order to product 4 a magnetic field m the direction of H. It 
is found experimentally that 8 is positive for all diamagnetic 
substances with the single exception of titanium chloride, m 
paramagnetic substances it is usually negative, but sometimes 
positive The meaning of the exceptional cases will be considered 
shortly. 

It may be remarked that the sign of 8 changes with that of //, 
but not with the direction of the propagation of the light. 
Consequently, if the light travels through the substance in one 
direction and then is reflected back along the same path, the 
total rotation of the plane of polarisation will be twice that 
due to a single passage through the substance. In this respect, 
as is well known, the magnetic rotation differs from the rotation 
produced by optically active substances. 


64 . So far we have only considered the phenomena when the 
Absorption frequency of the incident light is far removed from 

bands - that of any of the free vibrations in the substance. 

If on the other hand these frequencies become nearly coincident, 
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we have to adopt the treatment of § 29 find to introduce a term 
kJ : into ( 1 154) — ( I a 6), giving rise to an absorption of the light. 
The phenomena now to be observed are far more complicated, 
and wo shall only consider the chief features ot them. 

Since according to (159) the free period of the bound electron 
varies with the direction of its rotation relative to the magnetic 
field, the frequency of the incident light which is equal to that 
of the free vibration m the same direction is different according 
to the direction of its circular polarisation. In place of the 
single * absorption band’ corresponding to the single free period, 
we shall have two absorption bands of which one absorbs positive 
and the other negative circularly polarised light. It appears 
from (159) that if the particle is an electron for which e is 
negative the frequency corresponding to the absorption band for 
positive light will be greater than that for negative light. 

Such a doubling of the absorption band under the influence 
of a magnetic field has been observed in a few cases, although 
the experimental difficulties are very great The most complete 
observations have been made in sodium vapour for light approxi- 
mating in frequency to that of the D lines. The measurements 
accord in general with those predicted from our theory and it 
is found that in the case of both these lines the absorption in a 
magnetic field is greater on the violet side for positive circularly 
polarised light, as it should be if the D lines represent the free 
periods of electrons. But some remarkable anomalies have been 
observed by J. Becquerel in investigations of the doubling of the 
absorption bands in certain crystals containing didymium and 
the allied elements and by Wood in the case of other parts of 
the absorption spectrum of sodium. In these cases the magnitude 
of the separation of the two absorption bands is not very different 
from that predicted by the theory on the assumption that the 
particles concerned in the absorption are electrons, but the 
direction of the displacement of the bands would indicate in 
some cases that the particles are positively charged, while in 
others they are negatively charged. The observations have 
excited great interest because they have been used as an 
argument for the existence of ‘positive electrons’ having approxi- 
mately the same mass as the negative electrons. 
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It has been explained already in § 43 that there are the most 
serious objections to accepting the hypothesis of such positive 
electrons. If they exist they are either only present in some 
peculiar bodies, or they are present in all, but only make their 
presence felt in some. If the latter alternative is adopted, we 
are no nearer an explanation of the anomalies than before; , it is 
no easier to explain why positive electrons should effect optical 
phenomena only in a very small minority of cases than to explain 
why in some cases the magnetic field should seem to produce a 
change of the wrong sign m the orbit of a negative electron. Jf 
the former alternative is accepted we must suppose that the 
substances which contain positive electrons are fundamentally 
different m their nature from those which do not , a consideration 
of the other properties of the anomalous substances offers no 
support whatever for such a conclusion. The hypothesis of 
positive electrons always introduces more difficulties than it 
removes, because the cases in which it is of service are so 
exceptional. If we suppose that the positive electrons act in 
these cases, we are always left with the problem of deciding 
why they do not act in the vastly greater number of normal 
cases. 

A far more plausible explanation of the anomalies connected 
with the sign of the Faraday effect is available. It appears that 
all the substances which show anomalies of sign are either para- 
magnetic or at least contain an element which is paramagnetic 
in the free state. Now the atoms of paramagnetic substances 
have a finite magnetic moment and, probably, a magnetic field 
inside them, which will not generally be in the same direction 
as the external field in which the substance is placed. We may 
suppose that when a substance shows a Faraday effect of the 
‘wrong’ sign, the electrons in it arc under the infiuence of such 
an internal field opposite in direction to the external field. Some 
support for this hypothesis is found in the fact that the magnitude 
of the Faraday effect is determined in paramagnetic substances 
by the field due to the molecules rather than by the external 
field ; for in such substances <$ is proportional not to H but to B, 
and B as we have seen is the resultant of the external field and 
that due to the molecular magnets. 
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One further prediction of our theory which is confirmed by 
experiment should be noted. It will be seen that 8 in ( 10*1) is 
determined by (iv* — v~Y; hence the sign of 8 will be the same 
just outside an absorption band whether v is slightly greater or 
slightly less than v 0> that is to say 8 will be of the same sign on 
both sides of an absorption band. This conclusion, which is 
confirmed by observation, is important, because it has been used 
to decide between the theory of the Faraday effect which is given 
here and an earlier alternative theory which predicted that the 
sign of 8 should be different on opposite sides of the absorption 
band. 

65. Ln addition to the Faraday effect there is another effect 
The Kerr of 11 magnetic field on light propagation which has 

eflE>ct so far been detected only in the ferro-magnetic 

metals. It was found by Kerr that if light is reflected normally 
from the surface of one of the poles of a powerful magnet (that 
surface being perpendicular to the magnetic induction) the plane 
of polarisation is rotated through a small angle ; subsequent 
observers have repeated his experiments and discovered effects 
on light reflected otherwise from magnetised surfaces which are 
closely connected with the Kerr effect. 

For an explanation of these effects the electron theory is 
sufficient but not necessary. It was shown by Goldhammer that 
the main features of the phenomenon could be explained by 
assuming merely the electromagnetic theory of light in the form 
given by Maxwell together with such a distribution of magnetic 
and electric intensities at the magnetised surface as is known to 
exist Consequently any theory which is not inconsistent with 
those assumptions will lead to the same result, and it is un- 
necessary here to follow out the complicated analysis which is 
necessary m order to apply the electronic theory ; the reflection 
is, of course, determined by the free electrons in the metal, the 
motions of which will be influenced by the magnetic field in the 
way which was described in § 42 when the Hall effect was under 
consideration. It appears that no conclusion can be drawn from 
the direction of the rotation of the plane of polarisation as to the 
sign of the charge on the particles concerned. 
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According to this view the magnetic effects in a ferro- 
magnetic metal do not differ in their nature from those in a 
diamagnetic substance ; the Faraday and Kerr effects are very 
much greater in these metals for a given value of H simply 
because the magnetic field acting on the charged particles for a 
given value of H is very much greater in the case of a feiro- 
magnetic than in that of a diamagnetic substance, for in the 
former case there is added to H the magnetic intensity due to 
the magnetic moment of the paramagnetic molecules. JJut a 
theory has been proposed which would make the phenomena in 
ferro-magnetic substances of an entirely different nature. It has 
been suggested that when the molecules of the substances possess 
a finite magnetic moment they will be; set into vibration by the 
magnetic field in the light disturbance and will alter the pro- 
pagation of that disturbance in the same way as the charged 
particles set into vibration by the electric field in the disturbance 
alter it. This theory is competent to explain the Kerr effect, 
but it predicts that in the Faraday effect the sign of 8 should 
be different on different sides of an absorption band and has 
consequently been rejected. There must be some action of the 
kind suggested by the theory, but it is probable that, owing to 
the large mass of tin*, molecules, it is small and altogether masked 
by the much greater effect due to the electrons. 

It should be pointed out here that in framing equations 
(154) — (156) no account has been taken of the magnetic field due 
to the light disturbance itself, it has been assumed that the only 
magnetic intensity acting on the electrons is that of the external 
field. The assumption is justified by considerations which show 
that the magnetic intensity in the light disturbance must be very 
small compared with that of an external field strong enough to 
product' any measurable Faraday effect. A direct estimate of the 
magnetic intensity in the most intense light, based on a knowledge 
of the energy conveyed by such light, leads to such a conclusion , 
moreover if the magnetic intensity in the light were comparable 
with that due to the external field the refractive index of the 
substance (either in or out of the external field) should depend on 
the intensity of the light; no such dependence has ever been 
detected. 


c. E. T. 


10 
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66. Hitherto in considering optical phenomena we have never 
The Zeeman iiHjuired how the light which is refracted or reflected 
effcct has been produced. This question will concern us 

more closely in a later chapter, but some of the most obvious 
of the conclusions which will be attained may be conveniently 
anticipated According to our theory of light a light disturbance 
can originate only at a place where the electric displacement is 
made to vary periodically ; the direction of propagation of the 
light and its plane of polarisation are perpendicular to the 
electric displacement. If the light travels from the place where 
it is produced to that where it is observed through a vacuum the 
relation between the time and the electric displacement- will be 
the same at both places. 

Now such a varying electric displacement may be produced by 
the motion of an electron relative to a positive charge, the electric 
displacement at a distant point being represented at any moment 
both in magnitude and direction by the line joining the two 
charges. If the motion of the electron is harmonic, the light 
disturbance will be harmonic, if the electron moves in a straight 
line the light will be plane polarised ; if it moves in a circle the 
light will be circularly polarised in the direction of the rotation of 
the electron. A harmonic light disturbance appears in our observa- 
tions as homogeneous light of a single wave-length such as forms 
a line in the spectrum. We may assume provisionally that the light 
corresponding to such a line represents the disturbance emitted 
from an electron in the source of light which is executing harmonic 
vibrations, and consequently that the frequency of such light is 
the frequency with which such an electron executes free vibrations, 
after it has been disturbed in some manner from its position of 
equilibrium. 

In the absence of a magnetic field the light has the same 
properties in whatever direction it is emitted and hence the forces 
on the electron must be independent of the direction of its motion. 
The equations of motion of its harmonic vibrations must be those 
obtained by putting P x = Q 1 — = H= 0 in (154) — (156) 1 . When 

1 This statement is not strictly accurate. The emission of light by the 
electron involves the loss of energy by it and there should be in the equations 
some term representing this loss. But if we suppose that the proportion of the 



147 


66] THE ZEEMAN EFFECT 

the source of light is placed in a magnetic field H these equations 
are changed by the introduction of the terms involving H. The 
solution of these equations shows that the vibrations of the electron 
in the plane xy, perpendicular to H , must consist of circular 
vibrations of the electron in one direction or the other, the 
frequency of these vibrations,^', being connected with the frequency 
v 0 of the vibrations in the absence of the field by (159). Super- 
imposed on the circular vibrations is a rectilinear vibration along 
the axis of z with the frequency v Q . Thus the components of the 
vibration along the axes of x or y have a frequency either v+ or vJ, 
that along the axis of z has a frequency v 0 . 

Since the nature of the light emitted in any direction is 
determined by the vibrations of the electrons in a plane perpen- 
dicular to that direction, an observer receiving light which is 
travelling along the direction of the magnetic field should find 
that light composed of two circularly polarised components of 
frequencies v± ; the single line in the spectrum which appeared 
when there was no magnetic field will be split into two lines 
circularly polarised in opposite directions. If the particle emitting 
the light is an electron, so that e is negative, the component on 
the violet side (greater frequency) should show left-handed circular 
polarisation if the direction of propagation of the light is the 
same as that of the magnetic field, and right-handed if those 
directions are opposite. On the other hand an observer receiving 
light travelling perpendicular to H in a direction which may be 
identified with the axis of x will observe three lines in place of 
the single line: (1) a line of frequency v 0 in the same position 
as the previous single line, representing the vibration of the 
electron along the axis of 2, and (2) and (3) two lines of frequency 
v* representing vibrations along the axis of y ; all three lines 
will, therefore, appear plane polarised, the first in a plane perpen- 
dicular to the magnetic field, the others in a plane containing the 
field. 

Such changes when a source of light is placed in a strong 
magnetic field were first observed by Zeeman and interpreted 

total energy of the electron lost in the course of a single vibration is very small 
the presence of this term will not affect materially the conclusions which we are 
about to draw as to the frequency of the vibrations. 


10—2 
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according to the theory given here by Lorentz, but subsequent 
investigation has shown that in the case of only one substance, 
helium, is the change in the spectrum produced by a magnetic 
field exactly that which is predicted by the theory. In all other 
cases the change is more complicated, more than two lines appearing 
when the light is viewed along the field and more than three when 
it is viewed at right angles to the field. But in certain respects 
observation agrees with theory in all cases. Firstly, the lines in 
the light emitted along the field, if polarised at all, are circularly 
polarised, and in the immense majority of cases the direction of 
the circular polarisation is that indicated by the hypothesis that 
e is negative , opposite circular polarisations are always found on 
opposite sides of the line zv Secondly, the lines in the light 
emitted perpendicular to the field, if polarised at all, are plane 
polarised, but in some eases there is no undisplaced line in the 
position iv Thirdly, there is some quantitative agreement. From 
(159) we find 

^rrr 1 

(v+ - vJ) elm (167). 

If our theory is correct this quantity should be the same for all 
substances and should have the value 5*8 x 10 17 . It is found that 
if the value of (167) is taken for the most widely separated 
components of the line which appear in the magnetic field, this 
value is the same within the limits of experimental error for all 
substances and agrees well with the value for e/ra„ deduced from 
experiments on kathode rays. Thus for sodium it is found that 
v4 - vJ - 5*7 x 10 l ° (p 0 = 51 x 10 14 ) 
when H/c = 2*24 x 10 4 , 

whence ejm = — 4*8 x 10 17 . 

The best and most modern value of e/m 0 found by such methods is 
5‘32 x KF; it must be regarded as having equal weight with the 
values obtained by other methods with which it agrees very 
closely. 

It should be remarked here that the determination of e/w 0 by 
this method is of very great historical importance. The interpre- 
tation by Lorentz of Zeemans observations was given just after 
J. J. Thomson's determination of the ratio ejm for the ‘ corpuscles 1 



THE ZEEMAN EFFECT 


149 


6GJ 

constituting the kathode rays ; the close agreement of the values 
obtained by the two methods led to the identification of Lorentz’ 

‘ electrons ’ with Thomson's ‘ corpuscles/ and showed for the fii\st 
time what diverse phenomena might be brought within the range 
of a theory based on the properties of such particles ; it may 
be regarded as the starting-point of the wider electronic theory 
which is the chief feature of modern physics. 

Even when the resolution of the lines is more complex than 
is predicted by the simple theory there are features indicating 
that our explanation is right in the main. Runge has shown 

2 7TC~ 

that the value of (v+ — v ') - ^ for the less widely separated com- 
ponents can always be represented by afb.ejm^ where a and b are 
small numbers 1 ; moreover it is found that the relations between 
the components are precisely the same for lines in the same 
spectral series (see Oh. IX). These observations give a clue to the 
probable nature of the explanation of the discrepancy between our 
theory and experiment. Lines of the same series must be omitted 
by the same vibrating system, and hence this system cannot consist 
of a single electron executing harmonic vibrations; the vibration 
of the electron must be more complex and the apparent simplicity 
of a single line in the spectrum must be due to the resolution of 
the more complex vibration by the spectrometer (sec Cli. IX). 
There appears to be no difficulty m devising vibrating systems 
which would give most of the effects actually observed ; the 
difficulty is rather to choose between the various possible alter- 
natives. The most difficult matter to explain is the absence of 
an undisplaced line in light emitted perpendicular to the field ; 
perhaps a suggestion may be drawn from the theory of para- 
magnetism expounded in the last chapter, ff the vibrating 
system which emits the light really consists of electrons revolving 
in a plane orbit, then that orbit would have a finite magnetic 
moment and would tend to set itself with its plane perpendicular 
to II ; in this position there would be no motion of the electron 

1 What are ‘small’ numbers? The relation would be more accurately 
expressed by saying that the requisite values of a and b are very much smaller 
than would be expected if the values of the quantity wore distributed by chance 
within the range 0 to e/w 0 . 
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parallel to H and, consequently, no line in the position given 
by iv 

But this suggestion leads to another difficulty. On the one 
hand we have assumed that light may be emitted by revolving 
electrons ; on the other hand we have attributed to the presence 
of such revolving electrons the magnetic properties which are 
displayed by all material bodies under all conditions. Why, then, 
do not all bodies under all conditions emit light ? Or, to put the 
matter in another way, if revolving electrons emit light they must 
be losing energy ; therefore the revolving electrons in a dia- 
magnetic substance must be losing energy. Why, then, do the 
revolutions continue ? what source of energy is maintaining the 
revolutions ? These are difficult questions which have not been 
answered completely; we will consider them again in a later 
chapter. 


67. Our purpose in this part of the volume has been to 
General explain in terms of the electronic theory the electrical 

summary and magnetic properties of material substances, to 
show why they react as they do under the influence of electrical 
and magnetic fields. In the course of our discussion we have 
considered at least one property (thermal conductivity) which the 
older theories did not regard as electrical, and the question arises 
whether there are not other such properties, mechanical and 
chemical properties for example, which may now be brought into 
relation with electrical theory. The answer is, of course, in the 
affirmative; we can now suggest some reason for the undoubted 
connection which exists between the chemical or mechanical 
properties of a substance and the more distinctively electrical 
properties which have been considered already. But such 
suggestions as can be made are somewhat vague and speculative ; 
and since it is desirable to keep those parts of our theory 
which are firmly established separate from those which are 
merely tentative, we will leave such suggestions for the present 
and proceed to the consideration of an entirely different 
branch of modern electrical theory, but one which is inti- 
mately connected with that with which we have been so far 
concerned. 
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But before proceeding it will be well to epitomise very briefly 
the results we have obtained already. 

The following are the assumptions characteristic of the electronic 
theory - (1) That electric charges are distributed discontinuously. 
This assumption involves the consequence that with each charge is 
associated a definite mass, but this mass might have been very 
much smaller than that which we actually attribute to an electron. 
(2) That the charge on any particle is a multiple of a universal 
unit. (3) That there are charged particles which are common 
constituents of all bodies. (4) That the mass of these particles is 
very much less than that of any atom. (5) That the charge on 
these particles is —4*7 x 10~ 10 . 

In so far as our theory agrees with experiment, the assumptions 
on which it is based are confirmed. We may note, therefore, that 
our general treatment of refraction involves (1) only; a study of 
numerical values provides some evidence for (2) and (4), The 
theory of metallic conduction involves (1) and (3) ; the explanation 
of the Wiedemann -Franz law involves (2). The study of the 
‘ supported ’ current in gases requires (2), (3) and (5) ; the study of 
the ‘unsupported’ current requires all the assumptions and provides 
the most striking evidence for them. Our treatment of magnetic 
susceptibility does not really require any of the assumptions of the 
electronic theory, being merely equivalent to that of Ampere and 
Weber, but we have actually made use of all of them. The theory 
of magneto-optics (Faraday and Zeeman effects) requires all the 
assumptions. 

The chief difficulties with which we have met, or the pheno- 
mena which appear at first sight to be inconsistent with our theory, 
are the absolute magnitude of the velocity of gaseous ions, the 
difference of the sign of the Hall effect in different metals, the 
complexity of the Zeeman effect and the variation of the sign of 
the Faraday effect; it is possible that all the difficulties would 
disappear if we were not so profoundly ignorant of the forces 
acting on electrons near and inside molecules. But the difficulty 
concerning the specific heat of conductors and dielectrics is much 
more serious and cannot be attributed to our ignorance of such 
matters. 
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Some account of magneto-optics is given in all modern text-books of 
Optics, such as those of Drude, Wood and Schuster. The treatment of the 
latter appears to me especially admirable, but the reader should be warned 
that Schuster adopts different conventions from those used here as to the 
relative directions of the axes of coordinates ; accordingly his equations often 
differ in sign from those given here. 

A very complete account of the facts and an adequate summary of the 
theories are to be found in Ivaysei’s JIandbuck dcr tipcltroslopie, Yol. n The 
theory of the phenomena is most fully discussed in Voigt's Magneto- nnd 
Elektro-opuk , the more complicated developements of the theory are largely 
duo to that author himself. I hit the book is rather difficult reading to those 
who are accustomed to think physic, illy rather than mathematically, and the 
lamentable absence of an index makes it almost useless as a work of reference 

Eor those who arc historically curious it may be mentioned that Zeeman’s 
original experiments arc described in the Vroc. A amt Acad 1898 and that 
borentz’ explanation of them (though published earlier) is gisen m tin 1 
Rapports an Cougrh International (Paris, 1900), Yol. 111. 
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RADIATION 

68. A kysthm A produces some effect upon a system B at 
Nature of a distance from it, m some cases, but not in all, this 

radiation effect is supposed to be due to a ‘ radiation ’ pro- 

ceeding from A . What is the difference between the two classes 
of cases 1 Some years ago this question would probably have been 
answered by saying that the influence was to be regarded as 
consisting of a radiation if it were possible, by interposing a 
suitable body between A and B, to produce on the latter a definite 
'shadow’ of the obstacle, that is to say, a region, the boundary of 
which is determined by the outline of the obstacle and within 
which B is free from the influence of A ; the formation of such 
a shadow would be explained by attributing the effect of A on B 
to some influence travelling out from A along straight lines and 
capable of being stopped by the obstacle. 

If this definition were applied perfectly strictly it is doubtful 
whether any influence could be termed radiation, for it is probable 
that in no case can a perfectly ‘dark’ shadow be produced; the 
difference in the nature of the ‘ shadow ’ produced by a metal 
plate according as the influence proceeding from A is an electro- 
static attraction or a luminous sensation is one of degree rather 
than of kind. Moreover nowadays we class as radiations influence's 
which, even if they are capable of producing shadows, do certainly 
not in all circumstances travel in straight lines, so that the 
boundary of the shadow might be determined rather by the 
circumstances of the space between A and B than by the outline 
of the obstacle. 
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Consideration will show, T think, that in this case, as in many 
others, an entirely new definition of radiation has been adopted 
gradually, blit one which gives in practice very nearly the same 
classification as the old. We regard now as a radiation any 
influence which consists in the transfer of energy from A to B at 
a rate which may be independent of the relative motion of A and 
B and dependent only on their position relative to each other and 
to neighbouring objects. The two definitions agree in classifying 
as radiation one extremely important form of influence, namely 
that due to particles of finite mass projected from A with a definite 
velocity and undeflected in their course towards B ; with regard to 
the classification of any other form of influence they differ. There 
is no actual difference of opinion as to what influences are and 
what are not to be classed as radiation, but it will be found that 
the classification adopted agrees better with the second than with 
the first definition. 

It is suggested by the second definition that, if we fix our 
attention on A and B only, there will be several fundamentally 
important quantities to be determined in connection with any 
radiation. The first is the velocity, which is the ratio of the 
distance between A and B to the time which elapses between the 
occurrence of any change in A and of a related change ini?. But 
when dealing with such radiation as is considered here, it is 
extremely difficult to determine this velocity, because it is so great 
compared with that which can be produced in any material body. 
The velocity of only one kind of radiation, light, has been deter- 
mined with any accuracy by methods which arc beyond dispute ; 
in some other cases a quantity which is termed the velocity has 
been measured accurately, but it must be remembered that it is 
not the velocity as we have defined it, and is connected with that 
velocity only by means of some theory as to the nature of the 
radiation and its behaviour in various circumstances. 

The second quantity is the intensity, which is measured by the 
quantity of energy communicated by A to B in unit time ; since 
this quantity will vary with the situation of B relative to ^4, if we 
want to define an intensity which is determined only by the 
properties of A (and this is the usual procedure) we must adopt 
some standard situation. Here again it is extremely difficult to 
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measure the quantity directly with any accuracy and in practice 
the intensity is always estimated by means of observations on 
some other effect the magnitude of which is believed to be 
proportional to the energy communicated. Thus the intensity of 
a given beam of radiation is often taken to be proportional to the 
darkening in a photographic plate produced by it in a given time, 
or the number of ions produced in a given mass of gas, or the 
charge communicated to the body on which it falls. The use of 
such methods is justified partly by the fact that, according to our 
theory of the process by which the radiation produces the effect, 
these quantities must be proportional to the energy, but more by 
the fact that the ratio of the intensities of two radiations, if they 
are strictly of the same kind, is found to be independent of which- 
ever of these methods is employed. It is not legitimate to use 
such methods in the comparison of the intensities of radiations of 
different kinds ; for such comparisons the only sound method is 
the direct measurement of the amount of energy conveyed by the 
radiation, which is most conveniently estimated after it has been 
completely converted into heat energy. Two radiations are of the 
‘ same kind ’ if all their characteristic constants except the 
intensity and direction are the same. 

A third quantity characteristic of a given radiation which 
might be measured by the examination of A and B only is the 
electric charge conveyed by the radiation. In all cases where the 
radiation is considered to consist of charged particles the charge 
received by a body struck by radiation of known intensity has 
been measured directly ; the charge is always proportional to the 
intensity measured by other methods for radiation of the same 
kind, and the ratio of the charge to the intensity is a constant 
characteristic of the kind of radiation concerned. 

69. The other characteristic constants of a radiation are 

determined by the presence of bodies other than A 

Absorption. J 

and B. borne of these constants concern the change 
in the path of the radiation caused by the presence of electric and 
magnetic fields ; the others concern the effect on the radiation of 
passage through material bodies. 

In general the insertion of a material body in the path of the 
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radiation 1 between A and B causes a change of the intensity at 
B . This change is due partly to an abstraction of part of the 
energy of the radiation by the body (absorption) and partly to 
a change in the direction of the radiation (scattering or reflection) ; 
there may also be a change in the nature of the radiation. Since 
all these actions generally result in a diminution of the intensity 
at B they are sometimes spoken of collectively as f absorption,’ 
and it is in this sense that the word will here be generally 
employed ; when it is necessary to distinguish the scattering from 
the abstraction of the energy of the radiation the latter will be 
termed ‘true absorption.’ 

The most important case experimentally of absorption is that 
of a slab of thickness d placed perpendicular to the line 3 AB. It 
is found in many instances that in this case the relation between d 
and the intensity (I) of the radiation at B is 

I — /o£" Arf (168), 

where X is a constant determined only by the nature of the 
radiation and the substance composing the slab X is then termed 
the ‘absorption coefficient’ of that substance for that radiation. 
It should be observed that (168) would hold if each infinitesimal 
layer dx of the slab abstracted from the radiation the same pro- 
portion of the radiation incident upon it, and none of the radiation 
abstracted by a layer nearer A subsequently fell on a layer nearer 
B ; for m this case we should have simply 

dl/dx = — XT (169), 

of which (168) is the solution. Such conditions would obtain 
(l) if all the radiation were travelling parallel to x and (2) if the 
slab truly absorbed radiation and scattered none. As a matter of 
fact these conditions do not obtain in any of the cases in which 
(168) holds and it is probable that in all those cases a more 
accurate investigation, if it were possible, would show that (168) 
is only an approximation to the truth. In other cases (168) does 

1 It would be veiy difficult to give a definition of the path of the radiation 
applicable to all kinds, but it will appear that it is quite easy to give a separate 
definition for each kind. 

3 Of course if A and B have finite dimensions the line AB is indeterminate ; it 
is then usually arranged that the surfaces of A and B are plane and parallel ’so 
that AB is their common normal. 
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not hold even within the limits of experimental error and a more 
complicated relation between I and % must be substituted, often 
involving more than one constant characteristic of the action 
between the substance and the radiation. 

The scattering of radiation is usually described by stating the 
relation between the intensities of the original and scattered 
radiations and the angles which they make with the surface at 
which they are scattered. In only one case, that of the regular 
reflection of light or refraction, is this relation at all simple and 
only in this case is the phenomenon determined entirely by one 
constant characteristic of the radiation and the scattering body. 
In some cases the scattered radiation differs very markedly in its 
properties from the incident radiation; it is then usually termed 
‘secondary radiation' excited by the incident (primaiy) radiation. 
But the distinction between scattered and secondary radia- 
tion which is usually made 4 is not based only upon experiment, 
radiation which is regarded as scattered generally resembles the 
incident more closely than that which is regarded as secondary, 
but the difference is merely one of degree. The distinction is 
really based on the particular theory of radiation which is used to 
explain the facts ; according to one theory a certain radiation 
might be scattered, according to another it might be secondary. 
When the radiation is supposed to consist of particles, it is scattered 
or secondary according as the particles constituting it are or are 
not supposed to have been present in the incident beam , when 
the radiation is not supposed to consist of particles, current usage 
does not seem to make any clear distinction in the use of the 
terms ; we shall term the radiation secondary or scattered according 
as it is or is not possible to vary the quality of the incident 
radiation without varying that of the emergent. It should be 
noted that it is possible to regard any given beam of radiation as 
partly scattered and partly secondary. 

It is in connection with the scattering of radiation that the 
very important phenomenon of polarisation appears. Since polari- 
sation is usually described only in connection with light incident 
on smooth surfaces, when scattering takes the very special form of 
regular reflection and refraction, it is not always realised what are 
the essential features of the phenomenon. If i is the angle which 
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an incident ray, r the angle which the scattered ray under 
consideration make with the normal to the scattering surface, 
0 the angle which the plane containing these rays makes with 
the same line, then the ratio of the intensity of the scattered 
to that of the incident ray sometimes depends only upon i, 
r and 0, the surface being in all cases the same. Thus, if 
there is only regular reflection, we have the relation that the 
intensity of the scattered ray is zero unless i~r and 0 = 0. But 
in other cases this ratio depends also on x> the angle which the 
plane containing the rays makes with some plane characteristic of 
the source of radiation, for example one of the planes of symmetry 
of a crystal through which the radiation has passed, so that for 
any given values of i, r, 0 the ratio is a maximum for some values 
of x an d a minimum for others; m such cases it is always found 
that there is only one value of x (independent of i y r, 9) for which 
the ratio is a maximum and one for which it is a minimum, these 
values differing by a right angle. The radiation is then said to be 
plane polarised and the plane in which the maximum occurs is 
called the plane of polarisation of the radiation. If the minimum 
is ever zero and there is no scattered radiation for some values of 
i, r, 0, %, then the radiation is said to be completely polarised ; if 
tilt; minimum ratio is always finite, the radiation is said to be 
partially polarised and is usually regarded as a mixture of polarised 
with unpolarised radiation. 


70 . The chief characteristics of a radiation which can be 


Theories of determined directly by experiment have now been 
radiation. enumerated ; the business of a theory of radiation is 
to show how and why these characteristics are related. Of such 
theories there are two chief types, one supposing that the radiation 
consists of massive particles emitted with finite velocities, the 
other that it consists of disturbances propagated through a medium 
occupying the space between the radiator and receiver in a manner 
somewhat analogous to that of the propagation of a displacement 
through a material elastic medium ; in the cases we shall have to 
consider this medium is always supposed to be formed by the 


Faraday ' lines of force.’ Of course it is well known that a long 
controversy raged as to which of the theories was more suitable as 
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an explanation of light radiation, and since to-day there is a 
difference of opinion somewhat similar in connection with other- 
radiation, it will be well here to consider very briefly the circum- 
stances which might lead to a decision in favour of one theory 
rather than the other. 

If the fundamental principles of Chapter I are accepted there 
are two, and, I think, only two, properties of a radiation which can 
decide perfectly definitely which theory is to be applied to it. 
Firstly, if the velocity of the radiation is not c when there is no 
material body between the radiator and receiver, then the radiation 
cannot consist of a disturbance propagated along lines of force ; 
but there may be some difficulty in deciding whether there is or 
is not a material body between those systems, Secondly, if the 
passage of the radiation is necessarily accompanied by the trans- 
ference of a charge, then the radiation must consist of charged 
particles, for according to our theory the transference of a charge 
must involve a tiansference of either electrons or atoms; but the 
possibility of charged secondary radiations (Chap. XI) may make 
it very difficult to establish the condition implied by the word 
‘ necessarily.’ 

But these methods of deciding between the two classes of 
theory do not carry us far; in the controversy concerning the 
nature of light the arguments were based chiefly on the phenomena 
of interference, diffraction and polarisation 1 . If a radiation 
exhibits any of these phenomena there is strong prima facie 
evidence that it consists of disturbances and not of particles, 
for the reason that all such disturbances as we consider must be 
capable of displaying them, while an explanation of them on the 
basis of particles needs the introduction of special and somewhat 
elaborate hypotheses. Thus, if a radiation can be polarised its 

1 Prof. Bragg has pointed out to me that it was not until the time of Young and 
Fresnel that any arguments for or against the rival theories were advanced that 
would be considered at all adequate to-day. It is difficult to say whether the 
objections to the wave theory urged by Newton or the objections to the corpuscular 
theory raised by Huygliens appear the more absurd to those imbued with modern 
physical ideas. And doubtless our discussions of radiation will appear equally 
ludicrous to our successors. Differences of opinion in connection with scientific 
theories really endure only so long as the ideas connected with those theories 
are not perfectly clearly conceived. 
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structure cannot be symmetrical about all planes containing the 
direction of propagation Since lines of force can transmit only 
transverse disturbances, the properties of the radiation must vary 
with the angle which the plane makes with the direction of the 
disturbance. Diffraction again, i.e. the extension of the disturb- 
ance within the ‘ geometrical ’ shadow, is characteristic of all 
disturbances propagated within a continuous medium, and in- 
terference must occur when two such disturbances differing in 
phase fall on the same body. If a particle theory is adopted, it is 
necessary to suppose that the ‘particles’ of a polarised radiation 
have a structure of a very special nature and are not symmetrical 
about all axes, in order to explain diffraction and interference 
it would be necessary to make very complicated assumptions about 
the actions between two particles or a particle and a material body. 
It might be possible to design suitable assumptions, but any theory 
based on them would not have the valuable qualities of simplicity 
and directness. 

Other methods of distinguishing between the two classes of 
theory are best considered in connection with definite types of 
radiation. We shall now proceed to a description of the types of 
radiation which are important for electrical theory, of the circum- 
stances in which they arise, and of the prevalent theories as to 
their nature. 
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CHAPTER VIII 

RAYS FROM RADIOACTIVE SUBSTANCES 

71. Certain substances, which are termed radioactive, emit 
spontaneously radiation capable of affecting a photo- 
graphic plate and producing ionisation in gases 
through which it passes. These rays may be divided into three 
groups which are known as a, ft y and y rays. 

a rays are now believed to consist- of atoms of helium each 
of which carries a positive charge 2e, projected with a speed 
which depends on the particular substance from which they are 
emitted and lies m all the cases which have been investigated so 
far between 1*5 x 10 y and 2*3 x 10 9 cm. /sec. The evidence for this 
conclusion may be epitomised thus. 

The total charge carried by a given beam of a rays may be 
measured by receiving the rays in suitable circumstances on a 
body insulated in a vacuum and connected to an instrument for - 
measuring charges ; the charge received by the body per second 
is Ne, where N is the number of particles incident on the body 
per second and e the charge on each. N may be determined by 
observations of the phosphorescence excited by the same beam of 
rays in certain crystals. It is found that this phosphorescence 
is not continuous but consists of a number of momentary flashes 
of light, and that the relation between the number of flashes per 
second and the intensity of the rays is consistent with the view 
that each flash denotes the incidence of a single particle on the 
phosphorescent substance. Consequently N is the number of 
Hashes due to the rays per second. Accurate measurements have 
been made on one source of a rays only ; the value of e deduced 
was 9*58 x 10“ 10 , which is very nearly twice the value of e deduced 
by other methods. 


c. E. T. 


11 
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The value of e/m for the rays may he found as usual by 
observations on their deflection in a magnetic field. The 
direction of this deflection indicates that e is positive and its 
magnitude that ejm lies between 1*6 x 10 14 and 1*4 x 10 14 , the 
mean for the most accurate observations being 1*43 x 10 14 ; the 
differences in the values for rays emitted from different substances 
lie within the limits of experimental error. On the other hand, 
since the atomic weight of helium is 4 and the value of ejm for a 
hydrogen atom carrying a charge e is 2*804 x 10 14 , tin* value for a 
helium atom carrying a charge 2e should be 

2 x 2*894 x 10 14 /4 = 1 *45 x 10 14 . 

The conclusion, indicated but not strictly proved by these 
experiments, that ejm is tin* same for all a rays whatever their 
origin, is confirmed by the experiments on their absorption 
described below, which prove that cx rays from different sources 
differ only m their velocity. The conclusion that the value of m 
is really that of a helium atom is confirmed in a very remarkable 
manner by experiments which show that helium, detectable by 
its spectrum, is produced in a completely closed vessel if a rays 
are allowed to penetrate the walls. 

The velocity of the a rays is determined by the experiments 
in a magnetic field which also determine e/m, the deduction of 
both quantities from the observations being made, of course, by 
means of the theory stated in § 16. 


72. If the source of a rays is a thick layer of a radioactive 
Absorption substance and the intensity of the emergent beam 
of a rays measured by the ionisation which it produces 

in a layer of gas so thick that none of the rays can pass through 
it, then the relation between the intensity of the rays and the 
thickness of a layer of any homogeneous material placed in the 
path of the rays is found to be represented with considerable 
accuracy by the simple formula (168). But in this case the 
simplicity of the mathematical relationship does not imply a 
corresponding simplicity in the physical processes, and from this 
relationship we can draw no conclusions as to the nature of the 
reaction between the absorbing material and the particle passing 
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through it. For the rays which emerge from the surface of the 
radioactive substance have traversed different thicknesses of that 
substance before emerging; if any alteration in the quality of the 
rays is caused by passage 1 through a material substance they will 
differ in quality; and, since the rays are emitted from such a 
surface in all directions, the distances which they travel m a layer 
of absorbing material placed over such a surface will again be 
different. In order that we may be sure that we are dealing 
with a beam of rays originally similar and similarly treated by 
the absorbing layer, we must use as a source of the rays a layer 
of material so thin that the rays would not be affected by 
their passage through it and must limit the emergent rays to a 
parallel beam by suitable screens, so that they all travel the 
same distance in any absorbing material placed in their path. 

Let us suppose that an experiment is arranged so that these 
conditions are fulfilled, and let us examine the effect of an 
absorbing layer of thickness x on the effect produced by the rays 
in a plane parallel to that fiom which they are emitted. Three 
magnitudes connected with different kinds of effect may be 
investigated with advantage : — the number of phosphorescent 
flashes excited per second in a suitable screen, which will be 
equal to the number of particles penetrating the layer; / 2 , the 
number of ions produced per second in a mass of gas so large 
that the rays cannot penetrate it, which will be proportional to 
the total energy possessed by those particles ; and /„ the number 
of ions produced per second in a very thin layer of gas, which 
will be proportional to the ionising power of those particles, that 
is to say, to the rate at which the particles are spending energy 
in producing ionisation. We shall find that if x is greater than 
a certain quantity d , determined by the source of the rays and 
the absorbing material, all three effects are zero , the rays cannot 
penetrate at all a layer of thickness greater than d y or at least 
they cannot produce any of their characteristic effects after 
penetrating such a layer. But as x is decreased from d to 0 the 
three effects do not vary in proportion. / x is constant for all 
values of x between d and 0, except perhaps for tlmse which are 
very near d . That is to say, the number of particles penetrating 
the layer does not vary with the thickness within this range 9 


1 1 9 
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either all the particles penetrate a layer or none of them do ; 
the layer treats all the particles m the same way. I 2 increases 
continuously as x decreases; the total energy of the rays is 
continuously decreased as they pass through the absorbing layer 
and consequently, in virtue of the conclusion derived from the 
study of Tj, the energy of each particle must decrease continuously. 
If we identify the energy of the rays with the kinetic energy of 
the particles, wo must suppose that the velocity of the particles 
decreases continuously as they pass through the absorbing 
material ; this conclusion is confirmed by observations of their 
deflection in a magnetic field which also show that e/m undergoes 
no change. I 3 at first increases as x decreases and then decreases 
again ; the ionising power of the rays is a maximum for a certain 
velocity and is less for velocities which are either greater or 
smaller. It will be observed that I 2 and /* must be connected. 
If dx is the thickness of the layer of gas used in observing I s , 

and the magnitude of jT 3 is f(x)dx, then I 2 must be f f(x) clx. 

J d 

The length d is called the ‘range* of the rays in the particular 
absorbing medium ; if the medium is atmospheric air, it lies 
between 2 and 9 cm. 

The quantitative relations which have been found between 
the velocity of the rays and the distance which they have 
travelled in an absorbing medium lead to interesting conclusions. 
If v is the velocity of the particles after they have traversed a 
layer of thickness x> it appears that 

v* — a (d — x) (170), 

where a is a constant independent of the substance emitting the 
rays and dependent only on the absorbing material ; if this is 


air under normal conditions a is about 1*24 x 10 27 . If E is the 
energy of a particle, we have 

E = \mv~ = \rtufi (d — x)$ ,.(171), 

and the rate at which the energy decreases along the path in the 
absorbing medium is 

( 172 ). 
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The experiments are especially simple if the substance of 
which the absorbing properties are being investigated is the gas 
filling the ionisation chambers used in measuring / a and / 3 : 
x is then varied simply by moving the source of rays towards 
those chambers in a vessel filled throughout with the gas. 
(172) then states a relation between the amount of energy 
expended by the rays in passing through the thin layer of gas 
in which is measured and the distance of the source from that 
layer. Now it is assumed that this amount of energy is pro- 
portional to the ionisation produced in that layer, if this 

assumption is correct / ;t should vary as (d — x)~~\ It is found 
that this relation holds accurately except when x is very nearly 
equal to d and v is small. It will be seen that, according to 
(172), / 3 should increase continuously as v decreases, whereas it 
is found that it has a maximum for a small value of v. Fart of 
the discrepancy may be due to the causes considered in § 74, 
but part is doubtless due to the fact that the assumption 
that the particle spends all its energy in ionisation cannot 
be accurately true ; for in order to make a pair of ions the 
particle must possess a definite amount of energy (p. 105); if the 
energy is less than this amount a further decrease in energy 
cannot be accompanied by ionisation. It must also be pointed 
out that the velocity of the particle cannot be determined directly 
very near the end of its range and it is doubtful whether (170) 
is really applicable in this region. 

So far the various quantities have been expressed as functions 
of x , the distance of the particle from the source ; if we express 
them in terms of y = d — ./*, the distance from the end of the 
range, we have 

v s = ay (173), and / 3 = y~ * (174). 

Since a is the same for all rays, we see that all rays, whatever 
their initial velocity, must have the same speed at the same 
distance from the end of their range. Experiments show that 
I,. is also the same for all rays at the same distance from the 
end of their range, so that m must be the same for all rays 
and the conclusion that all a rays, from whatever source they 
are emitted, are of essentially the same nature receives strong 
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confirmation. Indeed the conclusion is really almost independent 
of any measurements on the velocity of the rays. Observation 
alone shows that rays which can still travel a distance d are 
exactly similar in all their effects whether they are rays which 
at the time of their emission had a range d or whether they 
are rays which had a greater range d\ of which they have 
already performed a portion d' — d. It would be natural to 
conclude that the rays differ only in initial velocity. 

73. According to (170), the two constants a and d , which 

have been introduced to represent the influence of 

Stopping A 

power and an absorbing layer on the a rays, must be connected 

ionisation 0 . , , 

by the relation ad — b, where b is a constant 
independent of the absorbing substance and equal to v () '\ where 
t'o is the initial velocity of the rays. Hence if we compare the 
effect on the rays of two substances in which the ranges of the 
rays are rf, and tf.,, then the effect of a layer x of the first 
substance on the rays must be precisely the same as the effect 
of a layer xjs of the second substance, where ,s* — djd,,. For if 
«i, a. 2 are the values of a for the two substances, we must have 
a l d ] — a 2 d 2 and 

v J = ?* 0 a — (t x . x = v 0 3 - <7. 2 . x/s (175). 

s is termed the stopping power of the second substance relative 
to the first ; air is usually chosen as a standard substance, so that 
the stopping power of any substance is the ratio of the range of 
the a rays in air to the range in that substance. It is found that 
the stopping power of a substance, thus defined, is not strictly 
independent of the velocity of the rays of which the range is 
measured, so that, though (175) may be true for all homogeneous 
absorbing substances, we cannot apply it in all cases when the 
absorbing layer is made up of two or more substances by simply 
substituting S xjs for x/s. It appears that the stopping power 
of light substances generally increases relatively to that of heavy 
substances as the speed of the rays is decreased , heavy substances 
are relatively more effective in stopping fast rays. But the 
variation is not large and any uncertainty as to the exact velocity 
of the rays for which the stopping power is measured would not 
affect the conclusions which are stated below. 
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If we calculate, instead of the thickness of a layer of the 
substance required to stop the a rays completely, the number of 
atoms which a ray would have to pass through in penetrating 
such a layer, we arrive at some interesting results. If N is this 
number of atoms for any substance and N 0 the corresponding 
number for air (which may for such purposes be regarded as an 
element having a diatomic molecule of weight 28*8), the ratio 
NJN = * a may be called the 'atomic stopping power' of the sub- 

W p 

stance. s a is connected with s by the relation s = s a where 

lb Po 

p , p 0 are the densities and W , W Q the atomic weights of the 
substance and air lespectively. In the following table the atomic 
stopping powers of several elements are given, together with the 
ratio of this quantity to the square root of the atomic weight. 
The ratio is very nearly constant, except for the lighter atoms. 



• s a 

,j s rw 

H 

0*24 

0*240 

<J 

0 85 

*246 

N 

0 94 

*251 

0 

1 *05 

*262 

A1 

1*50 

‘287 

S 

1*70 

•312 



s <( 

*„/vdF 

Cl 

1-78 

0*299 

Fc 

2 29 

•307 

A g 

:V28 

•316 

Su 

3-58 

•326 

Ft 

4*1 4 

‘297 

Pb 

4*27 

*298 


The stopping power of a compound material depends only on 
the nature and the number of the atoms which it contains , it 
is the same as that which would be shown it the various atoms 
wore sorted out and arranged in consecutive layers. This 
observation is very important, for, since the stopping power is 
quite independent of the manner in which the atoms are connected 
in the molecule, we must conclude that the a ray reacts with 
each atom separately and not with the molecule as a whole. 

We have assumed so far that the ionisation produced by the 
rays in a gas is proportional to the amount of energy which they 
expend in it. This assumption is probably true when we are 
dealing with one gas only, but it is certainly not true if we 
compare different gases ; for if we make the rays perform their 
whole range in the gas the energy which they spend in it must 
be the same whatever the gas, and yet the ionisation which they 
produce is not always the same. The following figures compare 
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the total amounts of ionisation which a given beam of rays can 
produce in several gases. 

H, 2 100 N a 06 00 2 108 0 2 H 2 126 

0 2 100 N 2 0 105 OS 2 157 129 

We must conclude, therefore, either that the energy required to 
produce one ion varies with the nature of the gas, or that the 
rays spend some part of their energy, which depends on the 
nature of the gas, in producing some change other than ionisation. 
We are at present so ignorant of the exact nature of ionisation 
that it is difficult to distinguish between the two hypotheses, 
but perhaps the evidence is rather in favour of the second. Thus, 
although the stopping power of a given mass of methane (CH 4 ) 
is the same as that of the same mass of a mixture of ethane 
(C y H„) and hydrogen containing the same proportions of carbon 
and hydrogen, the ionisation m the mixture is the greater. The 
energy must be absorbed by the individual atoms, but the 
ionisation is determined by the molecule as a whole. It has been 
suggested that the energy of the rays is not converted directly 
into energy of ionisation, but that the rays product' some change 
in the atoms, and that the reactions of the atoms so changed 
result in the production of ionisation (see Ch. XII). 

The differences between the f total ionisations ’ of different 
gases shown in the last table are quite small ; the properties 
of a gas in respect of ionisation are perhaps more accurately 
represented by the product of its molecular stopping power 
(defined by the substitution of ‘ molecule ’ for * atom ’) and 
total ionisation, for it may be readily seen that this product 
represents the relative values of the average number of ions 
which an a ray makes from each molecule which it encounters 
in passing through the gas ; it may be termed the molecular 
ionisation. The following figures show how greatly the molecular 
ionisations of different gases may vary: — 

Air 1 *00 CO 1*00 He 0*211 

H 2 0*233 CHj M0 Br 3*9 

It should be noted that both the molecular stopping power and 
the molecular ionisation are quite independent of the temperature 
of the gas. 
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Lastly a few figures may be given as to the absolute number 
of ions which each a ray makes in a gas. It is found that each 
a ray which has an initial velocity of 2*06 x 10 l> cm. /hoc. can 
produce 2*37 x L0 r ’ pairs of ions in air. The initial energy of 
such a ray is 


1 

2 



4 24 x 10 18 
1-WxW* 


= 2 96 x 1 0 4 e erg. 


If we suppose (as has been said, the supposition is probably not 
true) that all this energy is expended in producing ions, the 
energy required to produce an ion in air is 


2*96 x 10 4 
2 37 x l O' 5 


= 0*1 25 e erg. 


This is the energy acquired by an electron in falling through a 
p n. of 300 x 0*125 = 37*5 volt. * 

Again, we may ask what proportion of the molecules which an 
ct ray meets are ionised by it. The answer depends on what we 
mean by ‘ meeting 5 ; if we say that a ray meets any molecule 
which is contained in a circular cylinder the radius of which is 
equal to the ‘ radius ’ of the helium atom and the length of which 
is equal to its range, then we can make the calculation. The rays 
which we. have just considered have a range in atmospheric air of 
7 cm. ; the number of molecules in 1 c.c. of such air is 2*75 x 10 19 < 
The dynamical theory of gases makes the ‘radius’ of the helium 
atom a little greater than 2 x 10~ M cm ; adopting this value the 
number of molecules in such a cylinder is almost exactly 2*37 x 10’, 
which is the number of ions made. There is some reason then 
for saying that an a particle ionises every molecule it meets. If 
the molecule is complex the ray can probably produce more than 
one ion from it. 


74. The statement on p. 163 that all the a rays incident on 
Scattering of an absorbing layer, the thickness of which is less 
arays * than the range of the rays, emerge on the further 

side is not accurately true. There is some ‘scattering’ of the 
a rays, though it is very much less than that of most of the rays 
which we shall have to consider; passage through the absorbing 
layer does deflect the particles slightly from their original directions, 
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but except when they are very near the end of their range the 
deflections are generally small. Of the particles incident on a thick 
plate of gold (which scatters more than any lighter substance) 
only one m eight thousand is so far deflected that it emerges on 
the side at which it entered. This scattering, which is of con- 
siderable importance m connection with speculations concerning 
the structure of the atoms, has been investigated by two different 
methods both of which art* beautiful examples of the experimental 
art. 

In Geigers work a pencil of a. rays is sent against a layer 
of absorbing material and the number emerging m any direction 
estimated by means of the flashes of phosphorescence which they 
excite in a screen placed in various positions. His method is well 
adapted to determining the relation between the intensity and 
the direction of the scattered radiation, but it cannot decide 
directly whether the observed deflection is due to a large number 
of small deflections or whether it arises suddenly at a single 
encounter with a molecule , this question is of great theoretical 
importance (Oh. XTIT). In C. T. R Wilson s method, which, as we 
shall see, is applicable to other important problems, the actual 
path of the rays through a gas is made visible by the means 
described on p. 90. Water is condensed round the ions formed 
by the rays and photographed before the ions have time to move 
from the positions in which they were formed. The resulting photo- 
graphs show lines of drops which are almost straight for the greater 
part of their length, but occasionally are deflected through finite 
angles , it is unusual for one line to suffer more than one deflection. 
We may conclude that the large deflections observed by Geiger are 
generally imposed at a single collision ; if they were the result of 
many collisions the path of the a ray, which is made visible by the 
drops formed on the ions, would be an irregular curve which 
would nowhere show sudden changes of curvature. Since we have 
just seen that the ray doubtless makes many thousands of encounters 
with molecules in the course of its range, we must conclude that 
most of these encounters do not result in a deflection. An atom 
travelling as fast as an a ray can generally pass right through 
an atom placed in its path without being turned aside. 

But, as would be expected, the scattering of the rays increases 
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rapidly as their speed decreases, and near the end of their range, 
when they possess so little ionising power or power of exciting 
phosphorescence that it is difficult to observe them, the rays 
probably lose their original direction entirely and become scattered 
m all directions. It is probably largely on this account that the 
‘ionisation’ curve*, relating their ionising power to the distance 
which they have travelled in an absorbing medium, becomes ano- 
malous when the distance from the end of the range is very small. 
Ultimately the rays doubtless become ordinary atoms of helium 
agitated among the molecules of the absorbing substance with 
a velocity which depends on the temperature of that substance. 
And it is for the same reason that the ‘ positive rays ’ described 
m § 54 differ apparently so completely from the a rays, although 
they also consist of positively charged atoms. These positive rays 
can also ionise a gas through which they pass, excite phosphorescence 
and affect a photographic plate, but while the a rays have an 
energy corresponding to the fall of an electron through about 

5 million volts, the positive rays have seldom even 1/100 of that 
energy. Their range is so small that they cannot pass through 
the thinnest available films of solid substances and their scattering 
is so great that they can only preserve their direction in a high 
vacuum. 

75 . Just as the a rays are similar in their constitution to the 
Nature of positive rays of Chap. IV, so the j3 lays are similar 

^ rays to the kathode rays. /3 rays consist of electrons 

moving with speeds which are usually considerably greater than 
can he imposed in a discharge tube and may approach very nearly 
the speed of light, hut velocities as low as 10 10 cr: /sec. have been 
observed (corresponding to a I\D. of JO, 000 volts) which can be 
exceeded by kathode rays. Henceforward the term (3 rays will he 
often used to denote any electrons travelling with a speed so 
great that they possess the power of ionising gases, whatever their 
source, kathode rays will be regarded as merely a special form of 

6 rays with relatively low velocities and, except when the contrary 
is obviously implied, the statements made as to the properties of 
/3 rays may be taken as describing also the properties of kathode 
rays. 
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The total charge on a beam of ft rays may be measured in the 
same; way as that on a beam of a rays, but it is less easy to 
measure the number of the particles, because the flashes of 
phosphorescence produced by the rays are less intense. The 
identification of the ft rays with electrons is really based upon 
measurements of e/tn, the most accurate method of determining 
this quantity being a slight modification of that described on 
p. 27. A small particle of radioactive material is placed at the 
centre of two circular parallel plates separated by a fraction of 
a millimetre; the plates are kept at different potentials, so that 
there is an electric intensity X perpendicular to them. A photo- 
graphic film is attached to the inside of a cylinder concentric with 
the plates, the radius of which is a few centimetres greater than 
that of the plates ; the whole apparatus, highly evacuated, is 
placed in a uniform magnetic field of intensity II. Only those 
ft rays which travel in straight lines can emerge from between the 
plates and* affect the film, the others strike one or other of the 
plates; so that, according to (22), if 6 is the angle which any 
ray emerging from the plates makes with H , its velocity v must be 
c 2 X 

... n , and p the radius of curvature of its path after it has 
H sin 6 r 1 

emerged from between the plates and is subject to a magnetic 

field only, ^ .e/m. Hence the relation between p (which 

can easily be determined by the position of the impress of the 
rays on the film) and 6 should be 

p = sin 2 0 (176). 

Now it is found that pf sin 2 0 is not constant when X and H are 
constant. Accordingly either ejm varies with 0, or our theory of 
the motion of a charged particle in electric and magnetic fields 
is incorrect. This matter will be discussed further in the last 
chapter ; here only the view which is ordinarily taken of the 
discrepancy will be mentioned. 

It is assumed that e is constant and equal to e. It is con- 
ceivable that direct evidence for this assumption will be obtained 
some day by measuring accurately the total charge on the rays and 
their number. It is assumed also that formula (176) correctly 
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represents the variation of p with 0 and m ; it follows that m must 
vary with 0. Now this variation of m with 0 cannot be attributed 
to an emission by the radioactive substance of particles of different 
nature m different directions, unless we suppose that the emission 
is influenced by the magnetic field, and such a supposition is 
contrary to all evidence derived from other sources, it must be 
supposed that the substance is emitting m all directions particles 
with different values of m. But, according to the theory of 
§ 10, the nature of the particles which emerge from between 
the plates is determined only by v and not by m ; so that, if there 
were particles having the same value of v but different values of 
Wj we should obtain for a given value of 0 several values of p, 
which depends on both m and v. But we do not find several 
values of p ; the particles emerging at an angle 0 all travel m the 
same path ; the only alternatives left are to suppose that m is 
a function of v or that the theory is wrong. Now we cannot 
possibly distinguish between these two hypotheses, for the only 
way to determine v is to suppose that the theory is right and to 


t c'X 

put V = Jj . 


We have called v the ‘velocity’ of the particles, 


but we cannot determine this velocity as we determine the velocity 
of a rifle bullet or of light, because we cannot perform the necessary 
experiment, and we have no knowledge whatever whether, if wo, 
could perform it, the velocity so determined would turn out to be 
c 2 X 

equal to j£~ • The course usually adopted is to define the velocity 


of an electron v as such a quantity that the force acting on an 
electron in an electric field A" and a magnetic field 11 is 


F=e(X + [V'II]\ 


and to leave quite open the question whether this quantity is the 
ratio of the distance travelled by the electron to the time of 
travelling. The equations of § 16 are logical deductions from 
this definition and consequently, if the definition is adopted, 
they are necessarily true and we must suppose* that m is a 
function of v. The experiments are consistent with the view that 
the function is of the form 

m = m 0 (1 — v‘/c 2 ) " - 


0 77), 



174 


RAYS FROM RADIOACTIVE SUBSTANCES 


[75 


where r// () is the quantity which was given on p. 21 as the mass of 
an electron , m {} is the mass when the electron is travelling with 
a velocity which is infinitesimal compared to that of light. Any 
particle bearing a negative charge" e, the mass of which is re- 
presented by (177), is termed an electron; the terminology is 
justified by the fact that a particle which is an electron, so defined, 
when travelling with one velocity is also an electron when 
travelling with another velocity (unless it has encountered a 
material body in the interval). Whenever the velocity of an 
electron is spoken of, the quantity defined by the relation 

F=e(A r + [v.JI]) 

is always meant. 

76. In suitable conditions the absorption of the ft rays follows 
Absorption of very accurately the relation (108). The coefficient of 
^ rays absorption of the rays increases very rapidly as the 

velocity decreases ; the formula X x will represent the facts 
over a considerable range, but it appears that when the rays are 
all of the same velocity initially (108) does not hold. The range 
of the faster ft rays is very much greater than that of the fastest 
a rays; the former can penetrate several metres of air while the 
latter are stopped by some 9 cm. On the other hand if a and 
ft rays of the same velocity are compared, the a rays are much 
the more penetrating, probably because they have more than 1000 
times as much energy to spend. 

If p is the density of a substance, the quantity X/p for rays 
having an initial velocity of about 2 x 10 ,() crn./sec. does not vary 
in a ratio of more than 3 to 1 for different substances; if the 
substance is an element, X/p is a periodic function of the atomic 
weight, the periods following those of Mendeleefs table The 
value of X is determined only by the number and nature of the 
atoms and not by their state of chemical combination ; this con- 
clusion is natural, for an electron being smaller than an atom can 
hardly react with the molecule 1 as a whole. 

For rays having a speed greater than 10 10 cm./scc. the 
ionising power varies approximately as y~ 2 , or inversely as the 
energy, but for the slower rays still more rapidly. Direct measure- 
ments of the change of velocity in passing through absorbing 
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media show also that the kinetic energy decreases proportionally 
to v ~ 2 with the length of path, so that, as would be expected, the 
ionising power is proportional to the rate of loss of energy It 
will be remembered that for the a rays the ionising power is 
inversely proportional to the velocity and not to the energy, so that 
there* would appear to be some difference in the action of the two 
classes of rays. 

Hut in the case of ft rays, as m that of a rays, measurements 
of X do not really give us much information as to the reactions 
between the rays and the material through which they pass. 
Since both the a rays and ft rays consist of charged particles 
travelling with great velocities, we should expect the nature* of 
this reaction to be the same for both kinds of particles and 
the ‘absorption' of the rays to be a complex phenomenon, com- 
pounded of a scattering of the rays with a true absorption due to 
an abstraction of their energy as they pass through the absorbing 
substance and ionise the atoms of it. But it is very much more 
difficult in the case of a rays to determine separately the effect of 
these two causes of a diminution in the intensity of the rays by 
passage through material bodies. 

The difficulty is partly experimental and arises from the 
greater difficulty of detecting the presence and action of a single 
ft ray, since the method of phosphorescent flashes is not so easy t<v 
apply, and it is partly due to the fact that the ratio of scattering 
to absorption is very much greater in the case of the ft ray. It is 
probable that no appreciable fraction of a beam of ft rays traverses 
as much as half of its range without suffering a large deflection 
from its original course, consequently the thickness of a layer 
which is just sufficient to stop all the rays cannot be determined 
with any accuracy and, even if it could be determined, would yield 
no information as to the range of the rays ; for, since the rays do 
not generally pursue a straight path in the substance, the distance 
which the rays emerging from an absorbing layer have travelled in 
that layer is not the same for all the rays and is, on the average, 
very much greater than the thickness of the layer. The ionising 
power of the rays emerging does not, as in the case of ol rays, fall 
suddenly to zero when a certain thickness is reached, but decreases 
gradually as the number of the rays deflected from their original 
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direction increases and as the complicated paths pursued by these 
rays become successively greater than the range. 

Nevertheless, considerable progress has been made of late ill 
analysing the absorption of 0 rays in the same way as that of 
a rays. If it is assumed that 0 rays of definite initial velocity 
also possess a definite range in any given substance, and differ 
from a rays only in the circumstance that the path having the 
length of this range is a very complicated curve instead of a 
straight line, then an ingenious method due to Bragg enables 
the range of the same rays in different substances to be compared. 
By certain methods (see § 108) we can cause 0 rays of known 
velocity to start in random directions from all points in the 
interior of a solid body ; if the same number of rays are started 
in the seme volume of two substances A and B, it is easy to see 
that the ratio of the total length of all the paths of the 0 rays in 
A to the total length of all the paths in B will be equal to the ratio 
of the range of the rays in A to the range of the rays in B. If 
now holes of the same size arc made in the interior of A and B , 
the number of paths crossing a hole will again be propoi tional to 
the total length of all the paths in the substance, i.e. proportional 
to the range of the rays. But this number can be determined by 
means of the ionisation which the rays produce in a gas contained 
in the hole, the total mass of which is too small to cause any 
appreciable absorption of the rays. In this manner Bragg has 
compared the range of fast 0 rays in different materials and finds 
that, as in the case of a rays, the stopping power of an atom 
increases with its mass, but not so rapidly as the mass; for equal 
masses heavy atoms are less effective in stopping the rays than 
light; but it appears that the stopping power is proportional 
rather to the cube root than to the square root of the atomic 
weight. 

The change in the velocity of the rays when they pass through 
layers of matter has been measured by direct experiment. It 
appears that, in place of (175), the relation 

v*=r v^ — ax (178) 

is obtained. For aluminium a has the value 7*32 x 10 42 cm. 3 /sec. 4 ; 
its value for other substances does not appear to be related at all 
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simply to their density or atomic weight. (178) is applicable 
with considerable accuracy to all but the very fastest rays with 
a speed near that of light ; we have already seen that the 
behaviour of such rays is anomalous. If E is the energy of the 
rays, it follows from (178) that 


dE ma 
dx 4*r 


(179), 


or 


dE nr a 

dx = HE 


( 180 ) 


Consequently if the energy of the 0 rays is spent in producing 
ionisation, we should have for the ionising power of the rays, that 
is the number of ions which they produce in passing through 
a given thin layer of a gas, 

To cE-'xvr* (181) 

(18 L) appears to be true for the faster rays, but if is not true 
for the slower; the 1 ionising power of the 0 rays is a maximum 
when their velocity is about 9 x 10 8 cm./see., corresponding to 
a fall through about 220 volts. For velocities less than this the 
ionising power falls rapidly, until, as we saw in § 51, when it is 
less than about 20 volts, it is zero. For these very slow rays, 
there is no evidence that (178) holds, since they are not able to 
penetrate the thinnest obtainable layers of material 

It will be noticed that (180) is different in form fiom (172), 
but since the speed of the fastest a rays is less than that of the 
slowest 0 rays for which (180) can be tested experimentally, it is 
not a necessary consequence that the variation of the ionising 
power of a and 0 rays with their speed is different. Indeed, it 
has been recently pointed out that there is good evidence for the 
view that over a considerable range the ionising power of a rays 
and 0 rays of the same speed is always proportional, being about 
L0 times as great for the a rays. This is a very remarkable 
result, for of course the energy of an a ray is very much greater 
than the energy of a 0 ray of the same speed, and the ratio of the 
energies of a and 0 rays of the same speed varies with the speed. 
We shall return to this matter when we consider the mechanism 
of ionisation, but it may be noted that the relation cannot hold 
down to the smallest speeds, for the experiments on ionisation by 
c. e. t. 12 
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collision show that at small speeds the ionising power of a rays is 
less than that of /3 rays, not only of the same speed, but of the 
same energy. On the other hand, it appears that there is a real 
falling off* of the ionising power of the a rays below a certain speed, 
and that the failure of (170) to apply to the lowest speeds is not 
due simply to the scattering of the rays. 

77 . Though the scattering of the /3 rays has also been the 
The scattering subject of much investigation, no useful purpose would 
of fi rays. be served by quoting the numerical results obtained. 

But the question arises again whether tin* scattering of the rays is 
due to the occurrence of a very large number of very small de- 
flections or to a much smaller number of larger deflections ; the 
evidence is not quite so clear in this case, but it seems probable that 
when a /3 ray is deflected through an angle greater than a right 
angle the deflection is usually due to a single encounter with a 
molecule. C. T. R. Wilson’s photographs of the paths of the rays 
made visible by means of water condensed round the ions formed 
along them, are not quite so conclusive as in the case of a rays, 
and more reliance has been placed on deductions from the 
average distribution of the rays scattered from a layer. Un- 
fortunately it is possible to deduce the distribution caused 
by a large number of deflections only when the angle through 
which the rays are scattered is very small and this ease does not 
occur with the /? rays; the thinnest material layers which can 
be investigated deflect a considerable proportion of the rays so far 
that they travel in the direction opposite to that of the incident 
beam. But it is to be noticed that when such thin layers are 
investigated the proportion of the rays scattered in any given 
direction docs not vary with the thickness of the layer. This 
result would follow immediately if it were supposed that the large 
deflections were caused by single encounters, for the chance that 
the same particle would suffer two large deflections in such a thin 
layer would be very small ; the only effect of adding another such 
layer would be to increase the number of rays which suffered even 
one deflection. If on the other hand the large deflections were 
caused by many encounters, the rays which had been deflected in 
the first layer would be deflected again in the second, and it 
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is probable that the proportion deflected through any given angle 
would increase when the second layer was added. 

The scattered ft rays are always slower than the incident 
rays, the difference in similar conditions being greater the less the 
atomic weight of the scattering substance; but the difference in 
the absorption coefficient of the scattered and incident rays is not 
nearly so great as it would be if the former consisted of a mixture 
of rays having all velocities less than that of the primary in 
approximately equal proportions; far too few slow rays occur in 
the scattered beam. We may perhaps find an explanation of this 
fact by observing that the ionising power of the rays and, therefore, 
the rate at which they lose energy increases very rapidly as the 
velocity decreases. The ft ray may be regarded as a system which 
is almost unstable , as soon as its velocity begins to fall the rate 
at which it falls increases; after it has fallen past a certain point 
it will vanish completely in a very short distance, so that the ray 
will not emerge at all from the absorbing substance. But we 
shall see in Chap. XI that there are other factors to be taken into 
account when the ft rays are scattered. The assumption that we 
made above that all the energy lost by the ft rays is spent in 
ionisation is certainly not correct; (178) and (180) cannot both be 
accurately true Experiments on scattering certainly show that 
an atom can affect a ft ray in two ways; it can cause a small 
deflection in it or it can cause a large deflection. It is ptobable 
that the small deflections are connected with ionisation and with 
the loss of a definite amount of energy which is given to the 
ionised atom. Whether the large deflections also are accompanied 
by a loss of energy, and what form this energy takes, we shall 
consider later. 

There is no evidence that the ft rays produce any secondary 
radiation (see p. 157) which consists of charged particles and has 
the power of ionising gases. There is a secondary radiation 
which has the power of ionising gases and is not composed of 
charged particles, and another which consists of charged particles 
but does not ionise gases; these radiations will be considered 
subsequently. It cannot be proved definitely that all the 
‘ scattered ’ radiation is really scattered and not secondary ; there 
is simply no evidence to the contrary. 


12 — 2 
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y rays 


78 . The third class of radiation emitted by radioactive 
substances is termed y radiation. It does not carry 
a charge and is not deflected by electric and magnetic 
fields, but there is considerable difference of opinion as to its 
nature. All that appears quite certain is that it is similar in 
its nature to Roentgen radiation ; the similarity has long been 
suspected and has been proved recently by causing 7 rays to excite 
a secondary radiation which is especially characteristic of Roentgen. 
Accoidingly the consideration of 7 rays will be postponed until we 
undertake that of Roentgen rays, when wo shall make no distinction 
of kmd between the two groups of rays 


79 . We must now consider buefly the process by which the 
Radioactive radioactive rays are emitted; and for this purpose it 
changes, will be convenient to describe, not the actual facts 

for which the reader may refer to treatises on radioactivity, but an 
ideal instance which illustrates better the fundamental principle's 
involved. 

A chemically homogeneous radioactive substance R, if examined 
after it has been left untouched for a considerable period, is found 
to bo emitting rays at a rate which depends only on its mass and 
is quite independent of its temperature, and of other physical and 
chemical circumstances; the rate of (‘mission of the rays appears 
also to be constant and independent of the time. Rut if the 
substance be subjected to suitable 1 chemical treatment it. may be 
divided into several portions R l} R 2 > R\ . . which have different 
radioactive properties* some may emit only a rays, some only / 3 and 
7 rays, and some all thiee kinds ; the largest portion R lf if tested by 
the ordinary methods of chemical analysis, appears almost identical 
with R deprived of the 1 small traces of impurity which were 
originally present in it, the other portions, which are far smaller 
111 mass, appear to such analysis to consist of these impurities. 
The total activity of all the portions, that is the number of rays 
of all sorts emitted m unit time, is still constant and equal to the 
activity of the original R ; but the activity of each portion varies 
with the time, the relation between the activity and the time 
being generally somewhat complex; in all cases, if a sufficient 
interval of time is allowed to elapse all the portions R 2y R$ ... will 
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have become totally inactive, while R t will have become again 
identical in radioactive properties with the original R. 

In the simplest case only two portions R lt R>, can be produced 
in this way It is then found that the activity I 2 of IL is related 


to the time by the equation 

r// y =-\,/ 2 (182), 

or />= (188), 


is called the coefficient of decay of R 2 . Now m the case of the 
original substance R it is found that the activity is simply 
proportional to the mass of the substance present, and there 
is every reason to suppose that the activity of R> is also pro- 
portional to its mass 1 ; in this case the substance R> must be 
disappearing at a rate which is at any moment simply proportional 
to the mass of it present. On the other hand, since the total 
activity of and R 2 is constant, R 2 must be constantly producing 
R>>, and, unless the rati 1 at which R> disappears depends on its 
association with Ry (an hypothesis which is contradicted by all the 
evidence), the rati' at which /£, produces IL must be proportional 
to the mass of R x . For when /£, and IL were still unseparated, 
their total activity was constant and proportional to the mass of 
R v and, since the activity of the two substances is not of the same 
nature, the mass of R» present must have been a constant fraction 
of that of R { . But R 2 disappears at a rate which is proportional 
to its mass and must have been produced at the same rate, which 
must, theiefore, have been proportional to the* mass IL. 

In the original substance, then, R { was producing at a constant 
rate and R 2 was disappearing at the same rate. The mass of 
R 2 present was determined by the condition that it should dis- 
appear at the same rate as it was formed ; when this condition 
is fulfilled the substance undergoes no change with the time and 
is said to be in 4 radioactive equilibrium.’ The question now 
arises whether R 2 could have produced R 2 without suffering 
a diminution itself. There is no direct evidence of such a 
diminution, but the absence of evidence may well be due to the 

1 The mass ol R 2 is not, of course, the mans of the substance separated out by 
the chemical treatment, for this substance is known to consist chiefly of traces of 
impurity which have in themselves no activity. 
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fact that the mass of 72j is so much greater than that of that 
the subtraction from it of the mass of R» produced in any time 
which we can observe is not appreciable. If we accept this 
hypothesis we can at once connect the simple case which has just 
been considered with the more complex case from which we 
started. 

When we can separate the original substance R into many 
radioactive products we find that the change of the activity 
of those products with the time is consistent with the view that 
each of them is decaying in accordance with (182) at a rate 1 which 
depends only on the nature of the substance and the mass of it 
present ; and that each of these substances, except one, product's 
as it decays another of the substances. 72, decays with a co- 
efficient \j producing a mass of R 2 which is proportional to the 
mass which 72, has lost ; R> in its turn decays with a different 
coefficient \ 2 , producing 72., and so on, until finally R n is reached 
which decays but does not produce any substance the presence 
of which can be detected by radioactive measurements. Some 
substance is probably produced by 72„, but that substance is not 
radioactive. It is easy to see that, if the mixture of the substances 
is left a sufficient time and allowed to attain ‘radioactive equi- 
librium/ the substance with the smallest coefficient of decay will 
determine the rate, at which the activity of the whole mixture 
diminishes, and that no substance which occurs earlier in the series 
than this substance and from which this substance is produced 
will remain. A set of products, such as 72, ... 72, ,, of which each is 
produced by the disappearance of another is called a ‘ radioactive 
series/ 

The quantity \j\ is called the ‘life’ of the substance and 
is the time that the activity of it takes to decay to I je of its 
original value. The lives of the various radioactive substances 
known differ enormously; in some cases they are to be measured 
in millions of years, in others in fractions of a second. As would 
be expected, the activity of a substance decreases, in general, 
as its life increases, so that the total amount of energy which 
a substance gives up during its life does not vary nearly as much 
as the life. In fact, in the ease of substances which emit a rays, 
the number of rays emitted by a given mass of a substance during 
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its life is probably the same for all substances, but may be twice as 
great for some as for the rest. The chief difference lies m the 
range and velocity of the particles so emitted ; the substance with 
the longer life always emits the slower rays (at any rate if 
substances in the same radioactive series are compared), and there 
appears to be a definite relationship between the life and the 
range d which may be expressed by either of the formulae 


log X = a 4- b log d ... (184), 

or log X = a + b'd c (185). 


It cannot be said at present which is the more accurate. 

When the substance emits only ft rays the energy which it 
gives up during its lift* is considerably less; for the number of 
ft particles emitted is about the same as the number of a particles, 
while their energy is very much less. Indeed at one time it was 
thought that there might occur in a radioactive series ‘ ray less ’ 
substances, which produced and were produced by radioactive 
substances but were not radioactive themselves. All these ‘ray- 
less’ products have subsequently been found to emit ft and 7 rays 
which had formerly escaped attention owing to their much 
smaller energy. Tt appears that the initial velocity of the ft rays, 
like that of the a rays, is characteristic of the substance from 
which they art' emitted, though the ft rays emitted from a single 
radioactive substance have not all the same velocity but often 
consist of several groups each of which has a different velocity. 

80. What is the nature of the change which produces R, 
Theories of from R l and causes the ('mission of rays in the 

radioactivity. prucess ? It is quite certain that the change affects 
the nature of the atoms of the radioactive clement in R ly lesulting 
in the production of a new element to which the properties of R> 
are due ; it is almost certain that the atom of R 2 is always smaller 
than the atom of R x and that the rays are to be regarded as the 
fragments of the larger atom which are shot off’ during the 
change to the smaller. For there is no doubt that the members 
of a radioactive series differ so greatly that they would be judged 
by the criteria of chemists to be different elements and, conse- 
quently, to be composed of atoms of different structure and not 
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merely of the same atoms differently arranged. And this con- 
clusion is confirmed by the physical evidence. The only properties 
of atoms which cannot be changed by subjecting them to any 
change of temperature, pressure, electric and magnetic intensity 
and other physical conditions are the intrinsic properties of 
their atoms and not those which depend upon the way atoms 
are combined. Radioactive substances undoubtedly must differ 
in the nature of their atoms and, since they are produced one 
from the other, the process of radioactivity must involve a 
change in that nature. The view that the rays emitted are 
the fragments of the atoms thrown off’ during this change is 
probable as soon as this conclusion is established ; it has been 
confirmed by experiments which show that, when we can compare 
the atomic weights of two elements in the same radioactive series, 
the atomic weight of the later element is less than that of the earlier 
by the weight of a number of heluun atoms equal to the number 
of the intervening members of the series which give off' a rays. 
That is to say, the change in the atomic weight is what would 
be expected if an atom in changing into the next atom of the 
series (units only one a particle (or none if the change is not 
accompanied by the emission of a rays) and loses at the same 
time a mass equal to the mass of that particle. Since the mass 
of an electron is very small compared with that of an a particle 
and the number of ft rays omitted is not much greater than the 
number of a rays, the change produced in the atomic weight by 
the emission of ft rays is inconsiderable. All the evidence in 
favour of this theory of the nature of the change produced 
accompanying radioactivity (which was first proposed by 
Rutherford and Soddy) cannot bo set out here; it is sufficient 
to say that it has been confirmed from every possible source of 
evidence. 

But it is not so certain what makes the atom of a radio- 
active substance disintegrate or whence it derives the energy 
represented by the rays which it emits, an energy which is vastly 
greater than can be obtained by causing the atom to combine 
chemically with others. The change must be determined by 
some cause affecting each atom separately, for if it were due to a 
reaction between several atoms, the rate of it would not be simply 
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proportional to the mass of the substance present. It is easy to 
see that the relation (188) for the rate of decay of a substance 
would hold if the atoms of the substance each ‘lived’ a period 
T before changing into the next element of the senes, so long 
as the times at which those atoms were originally produced were 
distributed at random during the time preceding the observation. 
For the N atoms present in the substance at any time must all 
have been born in the preceding period T; the number which 
were born in any period dt in that period T is NdtjT \ for this 
is what is meant by saying that the births were distributed 
at random ; therefore the number born in the first of such 
periods dt was NdtjT , but this is the number which will attain 
the age T at the instant under consideration and will die then 
Hence 

7 at tit dt dN ^ , r 
dN = — N or ^ . 

Accordingly it has been proposed that some change is con- 
tinually going on in radioactive atoms which causes no appreciable 
change in their properties for a time 7 T , but at the end of that 
time causes some sort of explosion m the atom which leads to 
the ejection of an a particle together with electrons; and hypo- 
theses have lx ‘('ii put forward as to the nature of this change 
which gradually destroys the stability of the atom (see Ch. XHI) 
But it would seem a necessary consequence of this view that the 
rate at which the atoms break up should bo different if the 
times of their births were not distributed at random during a 
period T preceding the moment of observation. For suppose 
that we separate a substance li v from the associated R>> at a 
time t 0y leave it until the time £, and then separate from it the 
R 2 which has been formed and examine the decay of this 
substance. (Such experiments are possible.) Then none of the 
atoms in R, are older than ^ — t () , consequently none should 
break up until a further time T—t^ + t 0 has elapsed, where T 
is the life of /?„; until that time there should be no emission 
of rays. On the other hand no fresh atoms of /i 2 are produced 
after t x and consequently none of them should survive after a 
time T+t x \ the substance should be radioactive only within 
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the period T+tn to T+t x . But it is found that from the time t x 
onwards the substance decays perfectly regularly according to 
the formula (182); if then 1 are N atoms present, Ndtj F will 
break up during the next instant (it, and it does not matter m 
the least whether the N atoms have all only just been born or 
whether they have already lived a period considerably greater 
than T. The chance that an atom will break up at any instant 
does not depend upon the time which it has lived already. 
T must be regarded as only the average life of an atom. 

If we are to suppose that the sudden breaking up ot the 
atom is determined by processes going on within it, we shall 
get a better representation of the facts if we imagine that the 
parts of the atom are continually rearranging themselves in 
new groupings and that some very small proportion of these 
groupings aie unstable. Tin* chance that one of these unstable 
groupings occurs at any moment will be independent of tin* 
previous history of the atom, if we legard the groupings as 
determined by ‘chance’ But such speculations do not lead ns 
very far, \\e ha\e no irason on other gi omuls to suppose* 
that the structure ot the atom is not pel feet ly constant, so 
long as a ladioaetive disintegiution doe s not occur, and we cun 
make no suggestion whatever as to the basis of the lvmaikahlc 
relation which has been mentioned between the average life 
of an atom and the range of the a puitiele which it emits 
when it dies. 

An alteniatixe theory w r as put forward in the early days of 
radioactivity suggesting that the breaking up of the atom was 
determined by some exterior influence, probably some radiation 
acting on the atoms from without, and that the energy of the 
rays emitted was derived from this radiation. All that can be 
said about this theory is that there is no evidence whatever of 
the existence of such a radiation, and that the supposition of its 
existence does not help us to explain any of the numerical 
relations characteristic of radioactivity. Moreover such a theory 
would lead us to expect that under some conditions it should be 
possible to shield the substance from the influence of the 
radiation and so decrease its activity ; no such conditions have 
been found. 
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81 . The lives of the radioactive 1 substances known and the 1 

Are rate at which they emit rays vary in a ratio of at 

substances least 10 u to 1. The question has often boon asked 
radioactive ** 

whether there are; not other substances which are 
really radioactive, but are; not recognised as such because their 
lives are so long and the rate at which they emit rays so small , 
a substance of which the life was as much greater than that of 
uranium as that of uranium is greater than that of actinium 
emanation could not be recognised as radioactive by any con- 
ceivable experiment. There seems no reason a priori why there 
should be no a rays emitted with a velocity less than 1*2 x 10 u 
cm./soc. ; if the relations (184, 185) hold universally, the life of 
a substance emitting rays with a third of that velocity would 
be so long that its activity would be quite inappreciable 1 JVIay 
not all elements ically be radioactive ^ 

Of course* we cannot possibly decide by experiment, whethei 
there* are radioactive substance's of which the* ladioactiv ity 
cannot, be de tected by experiment. All that we can say is that 
all the* substance's which are known to emit a ra \ s have* an 
atomic vve'ight greater than that of Bismuth 1 and that the life 
ot anatom <le>e i s ne>t neee*ssanly increase as its weight, decreases, 
there is no evidence of this kind suggesting that the* lighten 
atoms might have very much longei lives. On the e>thcr hand 
it is highly probable that lead, a substance which shows no 
appreciable radioactivity, is the last member ot a radioactive 
series, for, if we subtract from the atomic weight of uranium 
that of the a particles which it and its descendants are known 
to emit, wc; arrive at the atomic weight of lead; and again the 
composition of minerals containing uranium suggests that lead 
may be the ultimate product of its disintegration. And if load 
is a member of a radioactive series it is not very improbable 

1 Potassium and lubidium have been shown to emit p lays m a manner veiy 
similar to that of some ladioaetive substances; they aie now usually regarded 
as ladioaetive. Theie is no evidence of the production of new elements from 
them, but the absence of such evidence may lie due to the fact that they emit only 
ft lays, the loss of which has hardly any effect on the atomic weight. And it 
cannot be shown that they have a definite life. The problems piesented by these 
two elements are very interesting, but difficult to treat experimentally because the 
activity is so small. 
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that it is radioactive itself. Again, in their general chemical 
and physical properties, the radioactive elements do not differ 
markedly from other elements ; radioactivity apart, radium can 
hardly be distinguished from barium. The probabilities arc* all 
in favour of a general radioactivity of the elements, but it 
seems that only observations over millions of years could establish 
directly the existence of such radioactivity We might then be* 
able* to detect the production of new (dements m a substance 
which did not originally contain them; for instance we might 
be able* to show that lead produces by its own disintegration the 
small trace of silver with which it is always found to be associated 
m minerals. 

Meanwhile experiments have* several times been described 
which appear to show that the non-radioactive elements can be 
stimulated to disintegration by the radiation from radioactive 
elements , it has been announced that copper, acted on by the 
rays from radium, is converted into lithium. Hut experiments 
conducted with due precautions have always failed to confirm 
these conclusions, which, it may bo noted, would not prove that 
the (dements concerned won* really radioactive. For it is the 
most, characteristic feature of true radioactivity that the changes 
involved in it are independent of all external influences. 
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CHAPTER IX 

LIUIIT 

82. r r UK forms of radiation which arc not considered to 
consist in the emission of charged bodies may be 

Definitions 

divided into two groups, on the one hand bight, 
on the other X and 7 rays. The possibility of a distinction 
between the two groups on theoretical grounds wdl be discussed 
throughout the next two chapters, a distinction valid for all 
practical purposes may be made on purely experimental grounds 
by noting that the former but not tin* latter group can be 
regularly refracted Light, thus defined, includes, of course, not 
only visible radiations but also those which arc usually termed 
infra-red and ultra-violet, it would also include Hertzian rays, 
but tilt' investigation of that form of radiation throws no light 
on any of the problems with which this book is concerned and 
it will In* left wholly out of consideration. 

Light, according to modern theory, consists of disturbances 
piopagated along Faraday lines. The differences in the pro- 
perties of light which has the same intensity are attributed to 
differences in the nature of the disturbances of which it consists, 
that is to say, 111 the relation between the time and the electric 
displacement at a point over which the light is passing. If the 
light is such that its quality (as distinct from its intensity) is 
unchanged by reflection or refraction under any attainable cir- 
cumstances, tin* light is said to he homogeneous; the view is 
universally accepted that homogeneous light consists of simple 
harmonic disturbances, such that the relation of the displacement 
to the time may be expressed by a relation of the form 

I) = COS i^rjf + ^ 


( 180 ), 
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valid for all values of t during the period of observation. There 
is no direct experimental evidence for the view that the dis- 
turbances of which homogeneous light consists have this form 
for it is quite beyond our experimental powers to measure directly 
the relation between I) and t , the most that our measurements 
can toll us is that the relation is such that D has the same value' 
for all values of t given by t — t 0 4- inT, where U and T are constants 
and m any integer, and that D has the same value with the 
reverse sign when t — t Q 4- ('/a 4- £) T. These conditions would be 
satisfied as well if we wrote 1 in place* of (18(j) 

D = JJ„ «>»•' ('-”!- U) (187). 

The adoption of (18(j) rather than (187) seems to have been 
dictated by a desire for mathematical simplicity and now to be 
rendered necessary by the assumptions made concerning tile 
nature of the processes of reflection and refraction I do not 
wish to sugge'st that the* adoption of any other hypothesis as to 
the nature of homogeneous light would be preferable, but merely 
to point out that it would be physically possible. 

83 . No actual source of light emits radiations which are even 
Hetero- approximately homogeneous; the importance; of the 

geneous light, conception of homogeneous light for optical theory 
arises from the possibility of obtaining such light by means of the 
actions of prisms, gratings and similar instruments on the light 
originally emitted. These instruments acted on by heterogeneous 
light travelling m one direction produce rays of light of different 
quality travelling in different directions; in suitable circumstances, 
if the light travelling in one direction only is isolated by means of 
a fine slit, it is found to be approximately homogeneous ; the 
degree of approximation to homogeneous light obtainable by such 

1 Some writers maintain sti enviously that it is desirable to define homogeneous 
light as light consisting of disturbances which can be repicsented by (186) The 
uncertainty expiessed in the text must then be stated by saying that there is no 
evidence that homogeneous light is unaltered in quality by refraction or reflection. 
It appeals to me desirable to give to such an mipoitant word as ‘homogeneous’ 
a definition the application of which to any particular light can be tested by 
experiment, independently of any theory of the natuie of light disturbances. 
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means from any source whatever depends only on the width of the 
slit and the resolving power of the prism or grating, but with 
a given slit and grating the degree depends also to some extent 
on the nature of the source. For the nature of the spectrum into 
which the original light is resolved depends on the nature of the 
source , in some cases the spectrum consists of light of varying 
quality emitted in all directions (continuous spectra), in others of 
light emitted in certain directions only and not in others (line 
spectra, among which for the present will be included band 
spectra). \n the last case, of course, no greater degree of approxi- 
mation to homogeneous light is obtained by narrowing the slit 
unless the slit becomes narrower than a single line. 

From heterogeneous light, then, we may obtain light, of a 
homogeneity limited only by the experimental appliances which 
we bring to beai on such light. From this fact the conclusion 
was formerly deduced that the original heterogeneous light con- 
sisted of a mixture of homogeneous light of various frequencies 
and that the function of the instrument producing the spectrum 
was merely to sort out these frequencies, the correctness of this 
conclusion has been subjected more recently to much discussion. 
It seems to me that the question whether a given light disturbance 
‘consists' of a mixture of homogeneous vibrations is incapable of 
a definite answer because the question may moan several different 
things. If we are asked whether a given volume of water ‘ con- 
sists ’ of four litres of water, the question may mean either ‘Could 
that volume be obtained by mixing four litres together 1 * or ‘ Has 
it been so obtained and the answer to these two questions may 
be quite different. If it be asked whether the original light 
disturbance could bo reproduced by mixing together the rays of 
homogeneous light into which it can be decomposed, then the 
answer is probably, yes; if it be asked whether it has been so 
produced, whether, that is, if the path of the disturbance be 
traced backward, a point will be found at which it breaks up 
again into homogeneous disturbances separated from each other, 
then the answer is almost certainly, no. 

Take the second question first. If the light disturbance has 
been produced by the mingling of homogeneous disturbances 
which were originally separated, the source of light must consist 
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of aw many parts as there are homogeneous trains into which the 
light can be analysed and must be emitting light with perfect 
regularity during the whole time over which it is possible to 
make observations. Now the number of trains, appearing in our 
experiments to be homogeneous and to have different frequencies, 
into which the light from a body giving a continuous spectrum 
can be resolved is certainly greater than 10'. The evidence, which 
will be considered later, derived from the study of the production 
of light, indicates that it is quite impossible that the number of 
sources of different kinds contained in any body we know should 
1><* nearly as great as this, and, moreover, that it is equally im- 
possible that any of these sources should emit homogeneous 
vibrations over a period of time nearly as long as that of the 
shortest experiment. Jt should be noted that if this view were 
correct- then* would be a limit to tin* number of homogeneous 
trains of different frequency which could be produced, namely the 
numbei of sources of different nature emitting tin* light; so far 
an increase m tin* power of resolving instruments has shown no 
sign of such a limit On all grounds this view may be dismissed 
without the smallest hesitation. 


84 The fust question requires much more 1 consideration It 
Formation of might seem that it could lie answered at once in the 
Spectra affirmative by pointing out that, if the trains emitted 

by the resolving instrument in different directions are reflected so 
as to travel in the same direction, the resulting light appears 
identical with that falling on the instrument. Hut when the 
question is asked, an answer of a different nature is usually 
required, what we really want to know is how far we can deduce 
from a study of the homogeneous trains the nature of the original 
light. The question is usually put in this way Any light 
disturbance can be represented by some equation of the form 
I) — F(t), where D is the electric displacement in that part of 
the disturbance which falls on the instrument at time t. Ac- 
cording to Fourier’s theorem, some series of the form 

« 0 4* COS ( " + Si J + LU cos ( + &»J -t* (J 8<S) 
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can be found which is equal to F (t) for all values of t between 
0 and T. Each of the terms of this series, if it were the whole 
value of J), would represent a train of homogeneous light. An' 
the trains of homogeneous light which can be obtained from the 
original light by means of a grating or prism during the period 
0 to T those represented by the terms of this series * 

A superficial consideration would show that this question must 
be answered in the negative, if the answer is to apply to all 
possible forms of light disturbance and all values of T . Suppose, 
for example, that T is five minutes. The value of J) for values of 
t between 0 and 5 minutes can be resolved into a series of the form 
(188) tepresenting homogeneous trains constant in amplitude 
over a period of 5 minutes, and the quantities a and § defining 
that series will depend as much on the values of J) during the* fifth 
minute as on those during the first But it is inconceivable that 
the nature' of the homogeneous trams emitted by the grating during 
the first minute should depend on the value's of 1) during the 
fifth, for thi' part of the disturbance which will reach the grating 
m the fifth minute has not reached it at all during the first. And 
it is equally inconceivable that the nature of the homogeneous 
trains emitted in the fifth minute can depend on the values of 
I) during the first, for the part of the disturbance incident in 
the first minute has passed far away from the grating before 
the fifth minute is reached A resolving instrument, unlike' 
a mathematician viewing the disturbance as a whole, cannot 
foresee the nature of the disturbance which has not arrived 
at it and cannot remember indefinitely the nature of that 
which is passed. 

This difficulty appears very serious, but let us consider what 
are the actual experiments which we could make on the trains of 
light issuing from a resolving instrument. First we can measure 
their intensity; if the train investigated was repiesented for all 
time by (l<S(j), this intensity would be proportional to the square 
of the amplitude /)„. Now when we make such measurements 
we are only concerned in a single measurement with the properties 
of the light during the time requisite to make that measure- 
ment ; the result is not affected by the' properties of the light at 
other times, and, on the other hand, it is affected equally by the 
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properties of the light at all moments during that time 1 . It can 
bo shown that, if the time occupied by a measurement is T> then, 
with an ideal measuring instrument, the measured intensity of 
the trains between frequencies v and v -f dv is equal to the sum 
of the squares of the amplitudes of the terms in the Fourier 
sun os expressing the original disturbance for the time T which 
have frequencies in that range. The proof involves, of course, 
assumptions as to the action of the instrument on the incident 
light, but these assumptions are very simple and general, and 
can scarcely be doubted except in one particular which will be 
mentioned in the next paragraph. There is nothing paradoxical 
in this result, for, of course, the measuring instrument ‘remembers’ 
the disturbance over the time of the measurement just like the 
mathematician who calculates the Fouiier series. 

Now suppose that we take two successive measurements of 
the intensity occupying a time 271 Then in general the result 
of the first measurement will be different from that of the second 
and both will be different from that of a single measurement 
which occupied the time 2T To this extent, it is true that the 
results of our measurements will vary with the time over which 
we take them, but again there is nothing paradoxical in the result , 
if we calculate the total energy received by the instrument during 
the time 2T, the result will be the same whether we sum the 
energies obtained in the two successive measurements or measure 
it directly by a single measurement. In cases of this kind, we 
simply say that the source of light is not steady* In practice 
we concern ourselves almost exclusively with sources which are 
steady ; with such sources the Fourier series equivalent to the 
disturbance is the same in respect of amplitudes for whatever 
period, during which the source is steady, the senes is calculated. 

One qualification needs to be made in these statements. 
The measured intensity of the train will be the square of the 
amplitude of the corresponding term in the Fourier series for 
the time occupied by the measurement, only if that time is long 
compared with a period T {) determined by the nature of the 
resolving instrument; T n may be termed roughly the time that 

1 Assuming an ideal measuring instrument; corrections may have to be made 
in the case of actual instruments. 
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the light takes to pass through it. In all actual experiments this 
condition is always fulfilled, but the existence of this condition 
limits the amount of information which we can obtain from 
intensity measurements even with ideally perfect instruments. 

In other experiments, namely those on the visibility of inter- 
ference bands, we are concerned with the phases of the terms of 
the Fourier series rather than with the amplitudes; the greatest 
retardation with which bands can be obtained measures the time 
r I\ during which the light entering the interference apparatus is 
regular and the phases of the same Fourier series are unaltered. 
But it must be remembered that this light is never that emitted 
directly by a source, it is always a narrow part of the spectrum 
thrown by a grating or prism ; the value of 2\ for this light is 
not necessarily that of the original light disturbance. This con- 
dition is attained only if the 1\ for the original light disturbance 
is greater than the T {) of the grating; if it is less, the r i\ of the 
light separated from the spectrum by the finest possible slit 
represents the r l\ for the grating rather than the 1\ of the original 
light, and interference experiments of this kind toll us nothing 
about the constitution of the original radiation. And in no case 
can such experiments tell us anything of the relation of the 
phases of terms of different frequency. 

An answer can now be given to the question asked at the 
beginning of this paragraph. We can say that, if we know the 
form of the original disturbance and wish to calculate the effect 
it will produce on any conceivable measuring instrument, we are 
perfectly justified in substituting for that disturbance during the 
time of measurement the sets of homogeneous trains represented 
by the terms of the Fourier series equivalent to the original 
disturbance during that period. But this problem is not very 
important. A far more important question is whether from a 
study of the homogeneous trains into which a resolving instrument 
splits the original disturbance we can conclude anything about 
the terms of the Fourier series representing that disturbance and 
so about the disturbance itself. The answer is that we can 
conclude something, namely the amplitudes of the terms of the 
series to which the original disturbance is equivalent during 
the time of observation, but that we cannot conclude much more. 
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It would seem, therefore, that the question from which we started 
in its most obvious sense should be answered in the negative ; 
the resolution by the grating into homogeneous trains is not 
equivalent to the resolution by the mathematician into Fourier 
senes, for from tin* former we cannot deduce the latter; but, on 
the other hand, we must not conclude that the application of 
Fourier analysis to the problems of resolution by a grating is 
not justifiable. 

85. Such appear to be the main results of the theory of the 
Application to formation of spectra by prisms and gratings In 
experiments order to seo how it can be applied to the interpreta- 
tion of our experiments to give us information concerning the 
nature of light disturbances we must make some preliminary 
hypotheses concerning that nature. 

Light is emitted from bodies in which electrons are colliding 
with atoms moving with considerable velocities Mechanical 
analogies suggest that the disturbances sent out as a consequence 
of such collisions would consist of having a finite length . they 
would begin suddenly, continue more or less unchanged for a 
certain time and then either die away gradually or cease as 
suddenly as they began The disturbances would not all be of 
the same nature, but, if the source of light were steady, the 
numhei of any distm bailees of any kind sent out during a 
sutliciently long tune would be simply proportional to the length 
of that tunc*, the periods occupied by the disturbances being 
distributed at random throughout it The collection of all the 
disturbances emitted during such a long time would be repre- 
sentative of those sent out by the source; it might be resolved into 
a Fourier series over that time and the amplitude of the terms in 
that series would be the same for all such long times, but the 
phases of the terms would vary very greatly with the particular 
time selected and there would be no relation between the phases 
of two series separated by a time longer than that occupied by 
a single disturbance. The fact that any source appears steady 
when we measure the intensity of the trains into which it is 
resolved by a grating is due to the complete independence of that 
intensity of the phases of the trains represented by the terms of 
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the Fourier series; it depends only on their amplitudes and these 
are constant over considerable spaces of time. 

But owing to the tact that we cannot discover anything 
concerning the relative phases of the trains into which the light 
is resolved by the grating, we cannot deduce directly from our 
observations anything concerning the nature of the original 
disturbances. All that we can do is to guess their nature and 
then see whether a representative collection of such disturbances 
as we guess would be resolved into a Fourier series agreeing in 
the amplitude of its terms with the results of our measurements. 
An infinite number of guesses would turn out to be equally 
satisfactory and we should have* no means of deciding between 
them, but a still greater infinite number could be definitely 
disputed 

Many such guesses have been made and m the case of line 
spectra some of them turn out to be consistent with experiment. 
But no success has yet been attained in the ease of continuous 
spectra. Some forms which have been suggested for those ele- 
mentary disturbances of which a collection represents ‘white 
light’ will be mentioned in tin 1 next chapter, when we proceed to 
consider that very important form of radiation, in this chapter 
we shall be concerned only with the speculations which have 
been made concerning line spectra. 

But before proceeding to this matter we must notice an 
objection which has been raised to the whole theory of the 
resolution of light disturbances into spectra, on which the in- 
terpretation of all experimental results must depend. It affects 
the theory only so far as it applies to prisms and does not seem 
applicable to the same extent to gratings. 

The resolving action of the prism doubtless depends on the 
fact that homogeneous trains of different frequency travel through 
material media with different velocities. In Chapter II we inquired 
into the reason for these different velocities and concluded (the 
conclusion is universally accepted) that it is connected with the 
forced oscillations into which the periodic electric intensity in 
the homogeneous train throws the electrons contained in the 
substance. Now since the electrons possess a finite mass the 
excitation of these oscillations will take a finite time , if for the 
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homogeneous train, containing an endless succession of waves, 
were substituted a very small portion of the train containing 
only one or two waves, it is probable that the oscillations would 
not be excited at all ; in popular language, the electron would not 
have time to get up speed. Accordingly it has been argued that 
if the light disturbance incident on the prism consisted of only 
a very small part of such a train, perhaps not even one complete 
wave, the electrons would not respond, the mechanism by which 
the different velocities of different frequencies are determined would 
not be excited and, therefore, the prism would fail to resolve the 
disturbance. Now we have noted that we are not concerned with 
what happens to an isolated disturbance, but only with the radia- 
tion from steady sources over a considerable period of time. Still 
if this radiation consisted of a succession of such disturbances as 
are contemplated, it might satisfy the conditions of a steady source, 
and the argument given would still show that it would not be 
resolved into the trains represented by the equivalent Fourier 
series The matter is of great importance, but opinion still seems 
to be divided concerning it. No decision concerning it can be 
attempted here. But it may be pointed out that there is some 
evidence that the* difficulty is not of much importance when we 
are dealing with any form of luminous radiation. For the argu- 
ment seems only to affect the question of resolution by a prism 
and not that by a grating; if there were light disturbances which 
were resolved by gratings and not by prisms, we should expect to 
find differences in the spectra shown by' different types of instru- 
ment No such difference as would be expected if the objection 
raised were valid seems to have been observed. 

86. We will summarise briefly some* of the facts concerning 
line spectra and consider their interpretation. 

A line spectrum obtained by an instrument of low resolving 
, o power appears to consist of a finite number of beams 

Line Spectra 1 . 1 1 

Breadth of of homogeneous light of different frequencies, the 
number of the lines and their frequencies being 
determined mainly by the chemical constitution of the source of 
light, but also to some extent by the means by which it is excited. 
But if one of these beams is examined by an instrument of higher 



86] LINE SPECTRA 19<) 

resolving power, it is usually found not to bo strictly homogeneous, 
in many cases each line can be further resolved into a number of 
lines, which are usually spoken of as the ‘components’ of the 
original line ; the distinction between ‘ separate lines ’ and the 
‘components of the same line’ is convenient m practice, but 
represents only a difference in degree, the lines which are termed 
components of the same line merely differ less in frequency than 
those which are spoken of as separate lines. If the resolution is 
pushed still further a limit is reached when it is no longer possible 
to resolve the lint's which formerly appeared simple into a fin i ta 
number of components, but the light of which one of these com- 
ponents consists is still found to he heterogeneous. The component 
has a finite ‘breadth,’ that is to say, it can he resolved into a 
number of trains (this number depending only on the resolving 
power which can be applied to it) of frequencies varying within 
a certain small range, and the intensities of these trains vary 
continuously with their frequency, being a maximum for one 
definite frequency only, which is regarded as the frequency of 
the line The breadth of the line, or the range of the frequencies 
within which the intensity is finite, varies enormously with the 
condition of the source; if this is a gas excited by an electrical 
discharge, the breadth increases with the pressure of the gas and 
also with its temperature 

On the view that has been suggested that the disturbances 
constituting light consist of oscillations lasting only for a finite 
time, the finite breadth of the lines can be readily explained. If 
these oscillations during the greater part of the time that the 
disturbance lasts can he represented by (18b) and if the penod at 
the two ends of the disturbance during which it is excited and 
decays is small compared with the period during which these 
regular vibrations continue, then a beam of light consisting of 
a large number of such disturbances would be resolved into just 
such a line as is found in practice; the breadth of the line 1 would 
really be infinite, hut the intensity of the portions which lie at 
any considerable distance from the maximum (which represents 
the frequency of the harmonic vibrations) will be so small as to 
be inappreciable. Further, from the range within which it is 
appreciable, that is the breadth of the line, can he deduced some 
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information concerning the period within which the regular 
harmonic vibrations continue undisturbed. In the case of the 
narrowest lines which have been observed this period must be 
several hundred thousand times that of a single vibration 1 . 

It may bo supposed that the number of regular vibrations 
which the atom of a gas can emit is determined by the tune that 
it is free between two collisions with other atoms, or, possibly, 
with electrons; such collisions would probably load to a disturb- 
ance of the oscillations and a break in the continuity of the 
regular tram. It is, of course, in accordance with this view that 
the breadth of the line decreases as the* pressure of the gas is 
decreased and the length of the free path increased, but neither 
the theory nor the measurements are sufficiently accurate to 
(liable this view to be completely tested. It appears however 
that, if collisions were the only source of breadth, the lines should 
be narrower than they actually are at the lowest pressures and 
some other source of the* finite breadth of the lines in such 
conditions must be found. 

Such a source is found in the ‘ Doppler effect,’ the theory of 
which will be considered in the last chapter. II two source's 
emitting harmonic vibrations of the same frequency are moving 
one toward and the other away from the observer, the frequency 
of the first source will appear less than that of the second Now 
the ultimate sources of the light emitted by a gas are piobably 
the atoms or molecules of it , in virtue of the temperature of the 

1 Many modern tieatises on Optics are so caieful to explain that the number 
of intei feienoe hands which can be obtained (an inveise ineasuie of the bteadth ot 
a line) is detciimned, in the case ot a line separated time a continuous spectrum, 
only by the resolving powei s id’ the instalment employed to foim a speetumi, that 
leaders of them me apt to think that the same is tine when the bands aie those 
fonned by the line from a line spectrum tin own by an instiument of model ate 
lesolving power. It is perfectly tiue that the ultimate limit to the numhei ot bands 
which could be obtained by tlu* use of the moat powei ful instruments is dote t mined 
only by those instalments, hut this is only because we posstss instalments so 
poweiful that the homogeneity of the light which can be obtained b\ their nso is 
gioatei than that of any spectral line sepaiated by an instalment of moderate 
powei If we use only an instalment ot moderate powei and a fanly wide slit to 
sepai ate out the spectral line, tlie n umbel of bands obtainable will often be much 
gt cater than can be accounted for by the powei of the instalment, in this case 
the number is determined hv the nature of the line and not that of the resolving 
instrument 
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gas these molecules will be moving with various velocities m 
various directions; even if the vibrations emitted by them were 
all of the same frequency (if observed when the molecules were at 
rest) they would appear somewhat different , the total light emitted 
by them will appear as a line of a finite breadth increasing with 
the velocity of the molecules or the* temperature of the gas. 

This effect seems sufficient to explain the finite breadth of the 
lines, oven at the lowest possible pressures. Indeed the theoiv 
has been used recently to determine the nature of the system 
emitting the light. For the mean velocity of thermal agitation 
at a given temperature depends on the mass of the particle which 
forms a molecule of the gas, and if by observations on the breadth 
of the lines we can deteimme this velocity we can also determine 
the mass. In this way Fabry and Buisson have arrived at the 
conclusion that the system emitting the most important part of the 
hydrogen spectrum is the atom of hydrogen and not the molecule* 
consisting of two atoms. 

The pressure of the gas fiom which a line* spectrum is emitted 
may influence that spectrum otherwise than by broadening the 
lines of it. It is found that, if the pressure of the gas m which 
an arc discharge is passing is increased, the frequencies of the 
lines of the spectrum emitted by the arc (which will Ik* character- 
istic of the material forming the poles and not. of the gas) may 1 k v 
changed. In general the wave-lengths of the lines are increased, 
the whole spectrum being moved towards the red, and the change 
in wave-length of any line is proportional to the wave-length of 
that line and to the increase in pressure. The change seems to 
be determined by the whole pressure of tin* gas and not. merely 
by the partial pressure of the vapour of the substance emitting 
the lines. Other numerical relations have been discovered, but 
they are unimportant for our purpose. 

The theory of this pleasure shift is probably quite simple. 
In §22, Chap. II, when we were calculating the* dielectric constant 
of a substance, we saw that, if the substance were sufficiently 
dense and the molecules of it sufficiently near together, the force 
on an electron in a molecule would not be determined only by tin* 
properties of the molecule in which it is contained; there would 
be an additional force arising from the displacement of the electrons 
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in the neighbouring molecules, which would act in the opposite 
direction to that due to the molecule containing the electron. 
Now the frequency of the vibration of the electron will be loss 
and its wave-length greater the less the force acting on it, and 
accordingly the influence* of the neighbouring molecules will be to 
decrease the frequency of the vibration ; and the denser the gas, 
the closer the molecules will be packed and the greater will be 
the change of frequency due to this cause. This simple theory 
seems capable of explaining most of the observations on the 
‘ pressure; shift/ 


87. We see then that the frequencies corresponding to the 
Senes in maximum intensities in the various lines represent 

Spectra the vibrations which the atoms would emit if they 

were at rest and could be maintained in a continuous state 
of undisturbed oscillation. It has long been known that these 
frequencies characteristic of a single element can be represented 
as terms of one or more quite simple numerical series, the study 
of which is of great importance as throwing light on the natme 
of thc> vibrating systems from which the light is emitted. The 
facts an* so complex that only the simplest of them can he 
mentioned here 

The lines in the spectrum of potassium might be divided as 
the result of a careful study of the spectrum in different conditions 
into six groups. All the lines in any one of these groups are of 
exactly tin* same quality ; that is to say, they are all strong or all 
faint-, all broad or all narrow, all are resolved into the same number 
of components in a magnetic field and all are altered in the same 
way by pressure ; lines in different groups do not resemble each 
other in respect of these qualities. The frequencies (n) of the 
lines in any one group can be obtained by substituting for m m 
the following formula the integral numbers from 2 upwards : 


n = n 0 


Wo 

(m + fiY 


( 18 b). 


>/ 0 , /jl, iV 0 are some numbers characteristic of the series. It will be 
observed that towards the red end of the spectrum, when m is 
small, the lines in the group are far apart, but at the violet end, 
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when m is large they become near together and approach ulti- 
mately the frerpiency ??„. As many as 50 lines have been 
observed in some series, and probably a great many more could 
be observed if instruments of greater resolving power could be 
brought to bear. 

Moreover there are simple relations between the values of the 
quantities and fi for different groups in the spectrum of one 
element and other simple relations between these quantities for 
corresponding groups in the spectra of different but similar 
elements When, for instance, the spectra of sodium and 
potassium are compart'd some of these quantities are seen to 
be functions of the atomic weights of these elements. And 
perhaps the most remarkable relation of all is that the quantity 
N {y is the same for all groups which can be represented by series 
of this type m the spectra of all elements. 

These facts prove conclusively that the systems vibrating in 
the frequencies represented by the various lines of the spectrum 
are not independent, in fact we may be certain that the lines in 
a single group are all emitted by the same system, which is not 
emitting simple harmonic vibrations but more complicated vibra- 
tions which may he analysed into a finite number of simple 
vibrations. In acoustics we are familiar with such vibrating 
systems; a musical instrument never emits a ‘pure torn;/ biff a 
vibration, which may he analysed into many pure tones, between 
the frequencies of which there are definite numerical relations, 
from these relations some information can be deduced concerning 
the structure of the instrument, by a study of the ‘overtones’ 
an open organ pipe could be distinguished from a closed, and 
a wind from a reed instrument It is to lx* hoped that in 
the future the study of spectral senes will discover to us the 
structure of the atom, but at present we an* veiy far from 
such a discovery. Various hypotheses have been put for- 
ward from time to time but none of them seem to’ lead to 
results which can be reconciled with experiment. It is certain 
that the vibrators are electrons — so much may be deduced with 
confidence from the study of the Zeeman effect — and that then- 
vibrations must be very complicated, but there our knowledge 
ends; we do not know even whether the vibrating system is a 
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single electron moving in a very complicated steady field of force, 
or a system of electrons exerting disturbing forces on each other, 
or again whether the same electrons compose the systems emitting 
the different groups of lines. 

88. Band spectra may be regarded as a special case of lint* 

spectra, but it is probable that the distinction between 

Rand Spectra 1 1 . 

band spectra and the true line spectra is as important 

theoretically as it is practically. Band spectra differ from line 
spectra in that they usually do not show the Zeeman effect and 
that they are not shifted by pressure. These differences might 
suggest that the vibiators emitting them are not elections but 
particles of much greater mass, but against this view is to be 
placed the fact that a very small change in the conditions under 
which the light is excited will cause* the spectrum to change 
from one in which only lines are visible to one consisting wholly 
of bands. Moreover it has been shown recently that some band 
spectra do show the Zeeman effect, as if they were emitted by 
elections A more plausible explanation may be found in the 
natuie of tin* vibiations executed by the systems which emit 
band spectra. In our consideiation of the Zeeman effect we 
assumed that the electrons emitting the light, executed simple 
harmonic vibrations. If the vibrations were more complicated the 
arguments would not apply, and it. is possible that, even if the 
vibrating systems were electrons, the effect of a magnetic field 
on them would be too small to be appreciable. But really all 
that (‘an bo said about band spectra is that, our ignorance con- 
cerning their origin is even more profound than that concerning 
the origin of line spectra Simple numerical relations have been 
traced between the frequencies of the diffeient lines in the same 
band and between those of the ‘heads’ of bands in the same 
spectrum, but, as before, no adequate theoretical explanation of 
the relations has boon suggested. 

89. So much — or so little — can be discovered concerning the 

nature of the radiators which emit line spectra from 

Are the * 

radiators a study of the spectra themselves. Such other 

ch&r£^cd ? * • 

information as we possess is derived from a study 
of the conditions in which the spectra are emitted. 
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Except in a few very exceptional cases, line spectra are emitted 
only from flames and arc or spark discharges ; the spectrum of the 
same element varies considerably according to which of the methods 
of excitation is adopted. All three methods are similar in the 
circumstance that the gas is made luminous by being made a 
conductor of electricity; moreover the study of the luminous 
spark discharge indicates that those regions which are most 
highly luminous are also those in which there is the greatest 
amount of ionisation and the gieatest conductivity. The con- 
clusion is obvious that the conductivity and the* luminosity are 
associated fundamentally 1 , and wo arrive at once at the view that 
the light emitted by a gas is connected with the ionisation of 
its atoms. The vibrating charges may either be the electrons 
liberated from the atoms, or they may be the electrons, forming 
part of those atoms, which aie disturbed by the ionisation The 
existence of such ionised atoms may cause the emission by the 
same gas of different spectra, for the vibrations associated with an 
atom are determined by the electric field in its interior and this 
field is likely to be different according as the atom has or has 
not lost 0110 of the 1 electrons which belong to it when it is neutral 
Researches both on flame spectra and spark spectra have been 
conducted with those considerations m view. Lenard showed that 
different portions of the same spectrum (r e different groups of 
linos such as were considered in § 87) an* omitted by different 
parts of a flame or arc, and further that the parts of the flame 
emitting different groups of lines were differently affected by 
placing the flame m an electric field The ‘piincipal’ senes of 
the alkali elements was emitted by a part unaffected by such 
a field, the ‘subsidiary series’ by a part which was displaced 
by such a field as if it carries! a positive charge Thence In* 
concluded that the former series was emitted by uncharged atoms, 
the latter series by atoms which had lost cither one or two 
electrons. His conclusions have been criticised and it has been 

1 Why then an* ga-es not luminous when they aie made conducting hy the 
passage of ionising lays through them 4 * Piobably onlv because the concentration 
of the ions made in such a way is so very much smaller than the concentration m 
the thime oi ‘unsupported’ discharge that the luminosity cannot be detected 
When veiy intense ionisation is produced, as m the immediate neighbourhood of 
a strong radioactive pieparation, the gas does become luminous. 
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.suggested that his experiments only show differences in the 
emissive and absorptive power of different parts of the flame. 

On the other hand Stark from a study of the mercury spectrum, 
which has two quite distinct forms, was led to suggest that the 
whole of one spectrum was emitted by the same atom, but that 
different spectra were emitted by atoms which had lost different 
numbers of electrons, that all line spectra were emitted by atoms 
which had lost at least one electron, whde band spectra were 
emitted by neutral atoms. This suggestion seemed immediately 
to receive brilliant confirmation. The positive rays in a discharge 
(p. Ill) emit light and they are moving with velocities which may 
be as high as 10* cm. /sec. , according to Dopplers principle, the 
frequency of the light seen by an observin’ towards whom they 
travel ought to be greater than that which he would see if they 
were at rest. Accordingly if the spectrum of the positive rays is 
examined along the direction in which the rays travel, the wave- 
lengths in the spectrum ought to be shifted towards the violet by 
an amount determined by the speed of the rays. Such an effect 
can he detected. If the spectrum of the positive rays of hydrogen 
(which shows the effect better than any other gas) is so examined, 
it is found that each line is split into two; one part occupies the 
normal position, the other part is a somewhat diffuse line on the 
violet side and separated from the normal line by a finite interval. 
The velocity determined by the most displaced portion of the line, 
on the assumption that the resolution is due to the Doppler effect, 
agrees well with that of the positive rays determined in other 
ways. The fact that the displaced or ‘moving’ line is diffuse is 
to be attributed to the varying velocities of the different positive 
particles. The finite interval between the moving and the normal 
or * resting ’ line must be due either to the absence of positive 
rays moving with less than a certain speed or to the incapacity 
of such rays to emit light. All the lines in any one spectrum 
appear to he emitted by particles travelling with the same 
velocities. 

. At the time these experiments were first made it was believed 
that all the positive rays consisted of positively charged particles, 
and the observations seemed to show that all the lines in the 
hydrogen spectrum, including the principal series, were emitted 
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by such particles. But subsequent investigation has shown that 
the positive rays contain also neutral and even negative charged 
particles, and Wien has shown that the light emitted by the 
neutral particles (which are undeflected in a magnetic field) is 
quite as intense as that emitted by those positively charged. The 
question of the charge carried by the particles emitting the line 
spectrum is therefore still unsettled, but it may be pointed out 
that the evidence is in no way fatal to Stark’s hypothesis. For 
all the positive rays are positively charged at some time in their 
career; those which are undeHected or deflected in the negative 
direction art', as we have seen, those which are neutralised or men* 
than neutralised after passing the kathode. It is not improbable 
that the disturbance which causes a positively charged particle to 
emit light is that which causes it to become positive, namely the 
ejection of an electron from it. The time during which the 
emission will last as the result of a single disturbance will be 
short compared to that required for the particle to travel through 
the field of observation , hence it may be that, even if the light is 
only emitted when the particle is positively charged, the average 
intensity of the light which it emits during a given time is 
determined more by the number of occasions during that time 
on which it becomes positive than by the proportion of the time 
during which it is positive. A particle which is positive the 
whole time might emit no light at all, while one which was on 
the whole neutral might emit a great deal. In this way Wien’s 
observation might be reconciled with Stark’s theory. 

And this view might also account for the finite- interval 
between the resting line and the moving line. For we have 
seen that a particle must be moving with a certain velocity in 
order to be ionised on collision with an electron ; it would be only 
particles which possessed a velocity as great as this which would 
become positive during their passage through the field of observa- 
tion and so be excited to emit light. Another explanation of this 
interval, perhaps not really independent of that suggested here, 
will be mentioned in the next chapter. 

Stark has made a further ingenious suggestion as to the 
origin of band spectra which he still attributes to neutral 
radiators. Line spectra he considers to be due to the vibrations 
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of those electrons m the atom which are not ejected from it when 
the atom is ionised 1 ; band spectra he considers may be emitted by 
the electrons which can be separated from the atom when it is 
ionised and do not form part of its permanent structure, when 
these electrons return to the atoms from which they have been 
ejected and restore it once more to the neutral condition. The 
oscillations of such an electron m returning to its final resting 
place within the atom would probably differ considerably in their 
nature from the vibrations of an electron slightly disturbed from 
a position of equilibrium, and this difference might possibly 
account for the absence of the Zeeman effect, the pressure shift 
and the Doppler effect m hand spectra Then 1 is little direct 
evidence for this hypothesis, which seems rather difficult to 
reconcile with the fluorescent phenomena mentioned below, but 
it, is worthy of a brief mention Jt may be pointed out that none 
of these theoiies gives any but the vaguest suggestions as to why 
the spectrum of the same clement may m some conditions consist 
only of lines and in others only of bands 

The more recent speculations as to the nature of light cannot 
be considered apart from the theoretical investigations of ‘white 
light/ which are of such importance that they require a chapter 
to themselves. We shall return to the subject at the end of the 
next chapter. It remains only to consider a few of the propel ties 
of light, concerned m its reactions with material media, which 
require a rather more detailed treatment, in view of their interest 
for modern theories, than is contained m most text-books of optics. 
With the eon tents of such text-books the reader is, of course, 
supposed to be familiar. 


90. Th e most important of these properties are connected 
The photo- with what is commonly known as the ‘ photo-clecti ic 

ciectnc effect t qf*oet.’ It has been known for some 80 years that a 
metal surface on which light (especially light of high frequency) 
is incident tends to acquire a positive charge , it has been 
proved conclusively that this tendency is due to the emission 
from the surface of electrons with an initial velocity of a few volts. 

1 In Chap. XII the reason^ for believing that there are such electrons will he 
consideml. 
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The many experiments which have been made m the last ten 
years on this phenomenon appeared at one time to lead to 
completely inconsistent results as to the relation of the number 
and the velocity of the electrons so emitted to the nature of the 
metal and the frequency of the light. All the discrepancies are 
not yet completely explained, but the following statements may 
be made with some confidence . 

(1) Both the number of the electrons and their initial velocity 
are determined completely by the nature of the metal and the 
intensity, frequency, angle of incidence and state of polarisation 
of the light incident upon it* Apparent discrepancies are due 
either to a film of impurity on the surface of the metal or to a 
failure to take into account the Volta difference of potential 
between the illuminated metal and the other electrode used in 
measuring the photo-electric current. 

(2) There are two distinct kinds of photo-electric effect, the 
‘selective* and the ‘ normal ’ In the normal effect the number 
of electrons liberated by a light of given intensify and frequency 
depends only on the amount of light absorbed by the metal In 
the selective effect this number depends also on the angle between 
the electric displacement m the light and the metal surface; it is 
zero if this angle is zero. 

(3) In the selective effect the number of electrons liberated 
for a given absorption of light is a maximum for some particular 
frequency of the light and is less for frequencies either greater or 
smaller. Little is known of the velocity of the electrons emitted 
in the selective effect. It has only been discovered with certainty 
in the alkali metals, and depends on their state of molecular 
aggregation. No great theoretical significance has been attached 
to it as yet, and it will be left out of consideration in what follows 
except when specifically mentioned. 

(4) In the normal effect the electrons leave the surface with 
all velocities between zero and a certain maximum which depends 
only on the frequency of the light and the nature of the metal. 
It is probable that all the electrons are emitted from the atoms of 
the metal with the same speed, but that some of them lost* energy 
before emerging from the surface. The maximum velocity for a 
given metal increases regularly with the frequency of the light 

14 
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incident upon it, so long as the frequency is great enough to cause 
any photo-electric current at all. The very important conclusion 
that this maximum velocity does not depend on the intensity of 
the light is reached by all observers. 

The majority of observers agree that 2£, the maximum kinetic 
energy of the electrons liberated, is related to v, the frequency of 
the incident light, by the equation 

E = hv — w Q (190), 

where w n is a constant characteristic of the metal from which they 
are liberated and h is a constant which does not vary very greatly 
for different metals and may possibly be the same for all. The latest 
experiments give values for h lying between 3*5 x 10" 27 erg sec. 
(bismuth) and 5*8 x 1()~- 7 (platinum). If we write w 0 = eF 0 , 
where V 0 is the P.l). through which the electron would have to 
fall in order to acquire the energy w 0 , then V 0 lies between 1*7 volts 
(sodium) and 3*9 volts (platinum). In general it appears that V u 
is less for the more electro-positive element. 

It will be observed that if v is less than w () /h, (190) breaks 
down , and it appears in fact that then 1 is for each metal a 
definite frequency v 0f given by Ai/ 0 — u\ t , which is the smallest 
which will produce any photo-electric current at all. Thus light 
which has a frequency less than 5*15 x 10 14 (green) will excite no 
photo-electric current in sodium, and that which has a frequency 
less than 10’4 x 10 14 (ultra-violet) none in platinum. It may also 
be lemarked that the maximum value of the velocity which these 
experiments suggest to be possible (i.e. with w 0 = 0) for the light 
of highest frequency obtainable (v = 3 x 10 1B ) would be that corre- 
sponding to a fall of the electron through 11 volts. 

(5) There is a direct conflict of evidence, which has not yet 
been resolved, as to the relation between the intensity of the light 1 
and the rate at which electrons are liberated, other conditions 
being constant. Some observers maintain that the number of 
electrons liberated from a given surface in unit time by light 
of given frequency and direction is simply proportional to the 
intensity of that light. Others maintain that the number 

1 The intensity of the light is defined in all such experiments to be inversely 
propoitional to the square of the distance from a point source. 
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decreases more rapidly than the intensity. An examination 
shows that the former worked with the alkali metals and visible 
light (the conditions were such as to exclude the selective effect), 
while the latter used other metals and ultra-violet light. Possibly 
there is a real difference in the relation under the two conditions, 
but it is more likely that some disturbing phenomenon has been 
overlooked. It is high time that this important matter was 
definitely settled. 

(6) It is difficult to make any valuable comparison between 
the rate at which electrons are liberated from different metals 
by lights of different frequencies because the sensitiveness of every 
metal varies with the frequency of the light in a different manner 
owing to differences in *' 0 , but, as might be expected, in common 
experimental conditions it is found that the rate of emission 
increases with the maximum velocity of the electrons emitted, 
when either the frequency of the light or the nature of the metal 
is varied , but little work has been done on the precise relation 
between these quantities. When the nature of the metal and the 
frequency of the light are kept constant, the angle of incidence of 
the light alone being varied, it appears that the photo-electric 
current is proportional to the amount of light absorbed. 

(7) All phenomena connected with the normal photo-electric 
effect appear to be independent of the temperature within the 
range 0 C to 150". At higher temperatures experiment is difficult. 

(8) Chemical compounds and non-metallie elements in general 
show far smaller photo-electric effects than metals, in fact with 
most inorganic compounds no photo-electric action has been ob- 
served. It has been stated that among the salts of potassium the 
photo-electric activity is less the more electro-negative the element 
with which the potassium is combined ; the quantity w () is doubt- 
less very much greater for these substances than for metals. 

91 . Many of the features of the photo-electric effect are 
Theory of the readily explicable on the view which we have taken 
effect already of the nature of light and of the properties 

of electrons in metals. We have already seen (Chapter III) 
that it is necessary that the free electrons in metals possess 
a certain amount of kinetic energy before they can pass 

14—2 
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out through the surface of the metal and also that the action 
of light upon such electrons is to set them in motion and in- 
crease their kinetic energy. If we identify w Q in (190) with the 
work which an electron must do m order to pass through the 
surface of the metal and suppose that light of frequency v can 
communicate an amount of energy hv to an electron, then we 
should expect that it would be possible to liberate electrons from 
metals by the action of light on their surfaces and that the 
relation between the energy of the electrons after their liberation 
and the frequency of the light would be given by (190). From 
thermionic measurements (p. 83) the value of w 0 for Pt was 
found to be a little more than 5 volts, whereas the photo-electric 
experiments make it only 3*9 volts, but the uncertainty of the 
measurements is such that it is quite possible that the values given 
by the two methods are really identical. 

If the electrons liberated by the action of light are really the 
free electrons of the metal, the kinetic energy which they must 
absorb from the light in order to be able to emerge cannot be 
truly independent of the temperature, for that which they already 
possess is proportional to the absolute temperature But we saw 
on p. 58 that the energy of a free electron at ordinary tempera- 
tures is less than ^ of a volt and is very small compared to that 
which is necessary to liberate electrons from the metal. It would 
not become comparable with that energy until the temperature of 
thermionic emission was reached and at that stage the compli- 
cations arising from this action would render observations on the 
photo-electric effect impossible. In any practicable 4 conditions it 
is to be expected that the number and velocity of the electrons 
liberated by light should appear independent of the temperature. 

It is, of course, a natural consequence of this view of the 
photo-electric effect that it should not be shown, or at least be 
shown in a far smaller degree, by chemical compounds and non- 
metals. which do not possess metallic conductivity and in which, 
therefore, there are not free electrons. In such bodies the electrons 
will absorb energy from the light, but they will not emerge from 
the body until that energy is sufficient to enable the electron to 
break away from the atom in which it is contained ; this energy is 
that which has been previously recognised as the energy necessary 
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to produce ionisation of the atom, and the minimum estimate 
which we have obtained of its magnitude is about 10 volts (p. 105). 
We have just noted that if (190) is universally applicable it is 
only the most extreme ultra-violet light which can be observed 
that can give to an electron such an amount of energy and, as 
a matter of fact, it is found that it is only extreme ultra-violet 
light which is capable of producing ionisation in air and other 
gases 1 . If light of lower frequency than that for which hvje— 10 
volts can liberate electrons from solid non-conductors it must be 
because' the energy to ionise the* atom of a solid is less than that 
required to ionise the atom of a gas. 

So far we have considered only the normal photo-electric 
effect , the mechanism of the selective effect is less dear, but it is 
almost certainly due to ‘resonance.’ We saw in Chapter II that 
if the period of the light incident on an atom coincided with the 
free period of the electrons in it, those electrons would be set into 
vibrations of very large' amplitude and energy. It is possible* that 
the vibrations might become so large that the electron would 
break free from the forces restraining it and emerge from the 
atom ; it has been suggested, indeed, and the* view is very 
plausible, that the absorption of light in such cases is due to 
the ejection of the electron, the energy of which would then be 
converted by collisions into heat energy of the other molecules 
and would be lost to the radiation. Such an ejection of the 
electrons from their atoms is possibly the cause of the selective 
photo-electric effect, and the frequency of the light for which it 
is a maximum is probably that of the free vibration of some 
electron contained in the substance, though it should be men- 
tioned that this frequency does not coincide with any of those 
revealed by observations on the spectra of the substances con- 
cerned. The fact that the selective effect does not occur unless 
the electric intensity in the light has a component perpendicular 
to the surface of the substance would bo due to the fact that 

1 There haft been considerable discussion in the past as to whether ionisation 
could be produced in air by ultra-violet light. It seems likely that the apparent 
ionisation produced by sucli light as can be transmitted by quaitz is only due to 
a photo-electric action on solid particles contained in the gas, and that true 
ionisation can only be produced by the ‘ Schumann rays’ of which the frequency 
is not less than 1*8 y 10 16 . 
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unless the electron were ejected along that perpendicular it would 
not emerge, at all ; its velocity would not be as great as that 
necessary to enable a free electron to emerge from the surface, 
and if it collided with another atom it would be at once reduced 
to the condition of the free electrons in the substance 1 . 

But though we can explain in this manner some of the 
phenomena of photo-electric emission without revising in any 
way our hypotheses concerning the nature of light or the structure 
of atoms, we can certainly not explain all of them. In the first- 
place no reason whatever can be suggested as yet for the relation 
(190) so f)ir as it concerns the* frequency of the light. It appears 
from that relation that light of frequency v communicates to an 
electron an amount of energy hv quite independently of the 
intensity or direction of the light or the nature of the metal. 
It would certainly have been expected that the electric intensity 
in the wave-front and, therefore, the forces exerted by the wave 
on an electron would increase with the intensity of the light, and, 
in general, we should have expected the effect of the light to 
decrease rather than increase with increase m frequency (of. p. 35). 
The approximate proportionality of the number of electrons emitted 
to the intensity of the light might have been expected until we 
knew that the velocity of them was independent of that quantity , 
no hypothesis that has been suggested so far can provide any 
reason for this distinction. It is on account of these difficulties 
that the photo-electric effect is of such immense importance for 
the theories of the nature of light which we shall consider 
presently. 

92 . It is probable that in the- future developement of the* 
Phosphor- theory of light radiation the phenomena of phos- 

escence. phoresceneo and fluorescence will be found of equal 

importance with the photo-electric effect ; but though at the 
present time it is difficult to draw any precise theoretical con- 
clusions from the results of the great amount of experimental 

1 It is certainly not quite clear why in the normal effect there is not a similar 
influence of the direction of the electric intensity in the light. For, if the 
assumption of p. 59 that a free electron is always reduced by a collision to the 
name velocity is correct, it would be only when an electron was accelerated in such 
a direction that it emerged without collision that it would have a greater chance 
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work of which they have been the subject in recent times, it 
would be undesirable to pass them by without a brief notice. 

Phosphorescence and fluorescence both consist in the emission 
by a body on which radiation is falling or has fallen of light 
different in quality from the incident radiation. The former term 
is used when the emission continues an appreciable time after 
the action of the incident radiation has ceased, the latter term 
when the* emission appears to continue only while the* exciting 
radiation acts; there are cases in which it is difficult to decide 
which term is the more appropriate and it is uncertain whether 
further investigation will lead to a maintenance of the distinction. 
It appears that phosphorescence is only displayed by solid bodies, 
fluorescence chiefly by liquids and gases. 

The most notable phosphorescent bodies are the sulphides of 
the alkaline earth metals, calcium, strontium and barium, con- 
taining minute traces of impurity. When perfectly pure the 
sulphides seem to show no phosphorescence; it is excited only 
when small quantities (often only 1 part in a million) of copper, 
manganese, bismuth and some other metals are added. The 
spectrum of the phosphorescent light consists of one or more 
continuous bands having maxima at different wave-lengths, which 
are determined only by the nature of the phosphorescent sub- 
stance; the positions of the maxima depend chiefly on the i^cfcal 
present as impurity, but are also influenced by the alkaline* earth 
sulphide in which it is contained. Lenard, to whom most of our 
knowledge on this subject is due, has stated the remarkable law 
that the wave-length in vacuo of such a maximum determined by 
a given ‘impurity’ is proportional to the* square root of the 
dielectric constant of the medium containing it. If the relation 
K — ri~ were accurately true, this proposition would mean that 
the wave-length in the substance corresponding to such a maximum 
is always the same. 

The intensity and duration of the* phosphorescent light, but 
not its quality, depend chiefly on the nature of the exciting 

of emerging than any other electron. It is possible that the energy w 0 necessary 
to make an electron emerge is that for which this assumption ceases to be even 
approximately true, and is such that an electron possessing it can collide with an 
atom without losing auy appreciable portion of its velocity. 
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radiation. The light which in capable of exciting a given phos- 
phorescent band for a given duration also consists of one or more 
bands in the spectrum within each of which lies a delinite wave- 
length associated with a maximum of exciting power. All the 
wave-lengths corresponding to maximum exciting power are 
shorter than those of the maxima of the phosphorescent bands 
which they excite , but in some cases the band containing light 
possessing exciting power overlaps to some extent that containing 
the light which it excites. In general, therefore, the exciting light 
is of shorter wave-length and greater frequency than that of the 
excited. This proposition, which was formerly supposed to bo 
applicable to all cases of phosphorescence and fluorescence, is 
known as Stokes’ Law , it is now known to be only true in 
certain classes of eases 

The intensity and duration of the 1 emission of a phosphorescent 
band, but not its position, are profoundly influenced by the tem- 
perature. In geneial, the duration of the emission is greatly 
diminished by rise in temperature, but the total amount of light 
which a body can (unit after a given oxposuie to radiation appears 
to be approximately constant. A body illuminated at a \ery low 
temperature will exhibit in that state no sign of phosphorescence, 
but if its temperature is suddenly increased greatly, it will become 
intensely phosphorescent for a very short time. 

Lenard has attempted to explain these observations by sup- 
posing that the immediate action of the* exciting light is to cause 
a photo-electric liberation of (flections from the atoms of the 
phosphorescent substance, and that the subsequent emission of 
light represents the return of these electrons to the atoms from 
which they have been ejected. This return will require an 
appreciable time because the substances have a very small 
electrical conductivity and oppose a great resistance to the motion 
of electrons; the return, however, would be accelerated by any 
influence which, like rise in temperature, increased that con- 
ductivity. This theory, combined with that of Stark (§ 89), 
would explain immediately why the light consists of bands and 
not lines, but Lenard considers it more probable that the light 
is emitted by the permanent electrons in the atom, set into 
\ibration by the restoration of the negative charge. The original 
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ejection of the electron doubtless is similar to the ‘ selective ’ 
photo-electric effect ; it is a ‘ resonance ’ effect due to the coinci- 
dence of the frequency of the* exciting light with that of the free 
period of the electron. 

It cannot be said that this theory covers all the facts. It 
explains the similarity of the phosphorescence excited in some 
such substances by light and by kathode rays (which also consist 
of electrons striking the atoms), but it makes only the vaguest 
suggestion as to the extraordinary influence exerted by extremely 
small changes m the composition of the substance. Its bearing 
upon Stokes’ Law will be considered later, the other quantitative 
relations which have been discovered it leaves wholly unexplained. 
However it is the first attempt to bring the phenomena of phos- 
phorescence within the reach of modem optical theory, and is 
likely to be the basis of futiue research. 

93. Fluorescent bodies have been divided into two classes, 

those which do and those which do not follow Stokes’ 

Fluorescence 

Law that the exciting light is of greater frequency 
than the excited light, this classification appears to have theo- 
retical importance. Bodies which obey Stokes’ Law have no sharp 
absorption line m the visible' part of the spectrum ; they absorb 
to some extent the light which causes them to fluoresce and it is 
doubtless the energy of this light which is transformed into that 
of the fluorescent light, but the regions in which this absorption 
takes place are broad bands utterly unlike the sharp lines the 
presence of which characterises the bodies which do not obey 
♦Stokes’ Law r . The fluorescent light which they emit seems to form 
a spectrum of continuous bands which have not been resolved into 
separate lines, and there is usually a distinct gap between the 
lowest frequency wdiieh will excite fluorescence' and the highest 
frequency of the fluorescent light which it excites. The light 
emitted by these bodies when fluorescing is un polarised, even if 
the exciting light is polarised. The most familiar example of this 
class is quinine sulphate. 

In such bodies the relation between the exciting and the 
excited light is precisely similar to that in the phosphorescent 
bodies which have just been considered, except for the fact that 
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the emission ceases with the excitation. It is probable that the 
mechanism involved in the two processes is the same and Lenard s 
theoiy is as applicable to one as to the other; we have only to 
imagine that in the fluorescent substances the electrons liberated 
by the light cannot remain an appreciable time separated from 
the atoms, but pass straight from the atom which they leave into- 
another where they come to rest. 

In the case of bodies which do not obey Stokes’ Law fluorescence 
is excited only if the exciting light coincides in frequency with 
one of the sharp absorption bands of the substance. The most 
remarkable instances of such bodies are the vapours of sodium 
and iodine which have been subjected to a very searching in- 
vestigation by R. W. Wood. The fluorescent light varies very 
greatly in its nature with the frequency of the exciting light ; its 
spectrum has been shown to consist of sharp lines, of which one 
always coincides in frequency with the exciting light and, there- 
fore, with one line in the absorption spectrum of the substance ; 
but the remaining lines usually differ from those of the absorption 
spectrum of the substance and from those m the spectrum which 
it emits when excited in other ways. The vapours can be inade- 
to emit an enormous variety of fluorescent spectra by exciting 
them with light coinciding in frequency with different absorption 
bands and in no cast* do the fluorescent spectra excited by two 
different frequencies seem to be identical. Interesting relations, 
similar but not identical with those mentioned in § 87, have 
been discovered between the lines of the fluorescent spectra. 
In some cast's the fluorescent light has been shown to be 
polarised, even when the exciting light is unpolarised, the 
electric intensity displacement being perpendicular to the plane 
containing the directions of propagation of the exciting and 
excited light. 

In such bodies the exciting light does not cause the ejection 
of electrons from the atom, but causes them to execute resonant 
vibrations within it. A fairly complete analogy to the pheno- 
menon is to be found in the analysis of the sound emitted by 
a musical instrument by means of Helmholtz resonators. The 
vibrations composing such sound are not simply harmonic, but 
may be regarded as the resultant of several harmonic vibrations 
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of different frequency, and the same is true of the sound emitted 
by the resonators. If the frequency of the fundamental vibration 
of one of the resonators is the same sis that of one of the harmonic 
components of the exciting sound, that resonator will be excited , 
but, unless the resonator is constituted in exactly the same maimer 
as the musical instrument, the frequency of the vibrations other 
than the fundamental which it emits when excited will not coin- 
cide with that of any of the harmonic vibrations composing the 
exciting sound. The nature of the sound determines which 
resonators are excited, but the nature of the resonators and 
not the nature of the exciting sound determines what vibrations 
other than those by which they are excited the resonators will 
(unit. 

The application of this analogy presents no difficulty, for we 
have already seen that it is probable that the atom contains 
systems which execute* vibrations which are not simply har- 
monic but can be resolved into a finite number of harmonic 
components. The systems which are excited to emit fluorescent 
light are not the same as those which are concerned when the 
substance is rendered self-luminous, but the difficulty raised by 
the difference is no greater than that which already attaches to 
the explanation of the difference of the arc from the spark 
spectrum. Fluorescent phenomena only prove once more what 
an exceedingly complicated system the atom must be and how' far 
we are from any complete theory of its structure. Perhaps the 
difference between the fluorescent and the self-luminous spectra 
is based on the fact that the atoms when they are fluorescing 
contain their full complement of electrons, whereas by the more 
ordinary methods of excitation we can only excite the atom to 
vibrate by dragging an electron out of it, so that we never observe 
the vibrations of the neutral atom. But then* are objections 
to this view as there are to every other which has been 
proposed. 

One other remarkable observation on this kind of fluorescence 
should be noted. It has been found that the nature of the fluores- 
cent light emitted by iodine vapour (and probably other similar 
substances) is greatly influenced by the mixture of the vapour 
with other substances. The presence of any other gas in sufficient 
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quantity causes the spectrum to change from a line to a band or 
a continuous spectrum ; at the same time the intensity of* the 
fluorescent light is greatly reduced* The power of gases to 
produce these changes is found to increase with the electro- 
negative character of the gas ; a trace 1 of chlorine or oxygen 
destroys the fluorescence entirely, while a considerable quantity 
of the inert gases produces scarcely any effect. This fact un- 
doubtedly suggests that the difference between a line spectrum 
and a band spectrum is to be found in the influence on the 
vibrating atom of neighbouring atoms, the foreign gas might 
damp m some way the vibrations of the resonators, and it would 
he those atoms which attract electrons most strongly (see 
Oh. XIIL) which would produce the most powerful damping effect. 
But there are other phenomena, such as the persistence of band 
spectra of some substances even at the lowest pressures, which 
render this view difficult. 
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CHAPTER X 

COMPLETE 1 RADIATION AND THE STRUCTURE OF LIGHT 


Thermal 

radiation. 


94. When any solid or liquid body is heated to a sufficiently 
high temperature it emits light. There is no certain 
evidence that a gas can be made luminous by heat 
alone, even when the temperature to which it is raised is that at 
which all solids and liquids glow brilliantly. The light emitted 
by the hot bodies can always be resolved into a continuous 
spectrum, but the intensity is not constant throughout that, 
spectrum, nor does it generally increase continuously from one 
end of the spectrum to the other. The positions of the maxima 
of intensity (for there may be more than one) depend partly on 
the nature of the body and partly on the temperature to which it 
is raised ; in general, as the temperature is raised, the intensity 
of the light in all parts of the spectrum is increased, but the 
intensity of the parts of higher frequency is increased relatively 
to those of lower frequency, so that the maxima move towards the 
violet. 


Concerning this thermal radiation questions might be asked 
similar to those discussed in the last chapter; we might inquire 
what is the nature of the radiators emitting the radiation and 
what is the nature of the disturbances which they emit. Two 
answers to this question have been proposed, which are not 
necessarily mutually exclusive and resemble the theories proposed 
by Stark for the origin of line and band spectra respectively. 
According to one theory the radiators are systems characterised by 


1 Complete radiation is also called * black ' and 4 full ’ radiation ; the former 
term is very objectionable, since it assumes from the outset the identity of 
4 complete 1 and ‘equilibrium’ radiation. 
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natural frequencies, such as emit line spectra, the vibrations of 
which are heavily damped owing to the disturbing influences of 
neighbouring molecules. That continuous spectra can be pro- 
duced in such circumstances seems to be proved by the experi- 
ments on the fluorescence of iodine vapour (p. 220), and the 
fact that the selective emission of metals when they art* hot 
resembles their selective absorption when they art* cold seems to 
indicate that systems having definite natuial frequencies must 
take a part in the radiation. The other theory is based on the 
observation that when bodies are emitting thermal radiation they 
are nearly always metallic conductors; gases, which appear never 
to acquire metallic conductivity, show no thermal radiation. Now 
metallic conductivity is attributed to the presence of free electrons 
possessing kinetic energy of thermal origin; it is suggested that 
thermal radiation represents the disturbances emitted by these free 
electrons when they collide with the molecules of the substance. 
In the next chapter we shall bo further concerned with the nature 
of the disturbances which would be emitted in consequence of 
such collisions, here we will only note that they would take the 
form of ‘ pulses,’ lasting for a time comparable with that of 
collision 1 . 

Neither of these theories has been very successful in explain- 
ing the facts. The theory of damped vibrations has been worked 
out in considerable detail ; of course the exact nature of ^ the 
resulting disturbances would depend upon the form of the damping, 
but if any simple assumptions are made on this point, it appears 
that the spectrum into which a large collection of damped vibra- 
tions would be analysed by a grating would not be characterised 
by a relation between the intensity and the frequency of the 

* The teiin ‘pulse 1 oecuis frequently in all treatments of radiation, but it is 
lathei difficult to define precisely. A distiu banco in which the electric displacement 
had only one maximum would certainly be termed a pulse and distinguished from 
a * vibration T consisting of a senes of maxima and minima; the pulses mentioned 
heie would probably be of this type. Rut apparently disturbances characterised by 
more than one maximum ate also called pulses. It appeals that the terra is used 
somewhat vaguely to denote a disturbance such that, if the relation of the electric 
displacement to the time were represented graphically, the resulting curve would 
not resemble at all closely a portion, including more than one complete period, of 
the curve representing the simple harmonic vibration (186). 
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trains such as is found in the cases which are of most experi* 
mental importance. The other theory depends even more upon 
the nature of the assumptions that are made concerning the 
collisions. The problem of deciding what would be the spectrum 
into which a set of the pulses would be analysed has been attacked 
with great power by Loren tz, who shows that, with any plausible 
assumptions as to the nature of the collisions, a relation between 
intensity and frequency can be deduced that is in accordance 
with experiment, so far as the part of the spectrum consisting of 
long wave-lengths is concerned ; conclusions as to the short 
wave-lengths depend entirely on assumptions made as to col- 
lisions. His result would appear to favour the second theory, 
but we shall see that the same result can be attained from much 
more general considerations to which we will now proceed. More- 
over these considerations raise difficulties so formidable and so 
fundamental that it may be doubted whether the questions have 
been put m a form in which they are capable of an answer 


95. If only the observations already mentioned hud been made 
Complete theimal mdiation would be* of little importance foi 

radiation modern theory. But it has been found that under 

certain conditions the thermal radiation emitted by a body does 
not depend on the' material of which the body is composed, and it 
is the study of this radiation, common to all substances, with 
which for the Test of the chapter we shall be concerned. In this 
matter the distinction between the newer and the old science 


made in the first, chapter is invalid; here modern theory is 
interested m the phenomena in which all bodies agree and not in 
those in which they differ. 

The necessary conditions are easily attained. If a hollow box, 
in the side of which there is a hole of an area small compared to 
that of the whole box, is maintained at a uniform temperature 
and the radiation issuing from the hole is examined, then it is 
found that the spectrum of this radiation is entirely inde- 
pendent of the material of which the box is made and dependent 
only on its temperature. If A\dX is the intensity 1 of the radiation 
1 The intensity E\ is defined m any treatise on radiation in a manner which 
makes it independent of the size of the hole or the distance of the hole from the 
observer and othei geometrical conditions. 
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emitted which has a wave-length lying between X and X -f dX , 
then E\ is a function of X and 1\ the absolute temperature ot the 
box, only , it does not depend upon the material of which the box 
is composed. 

Three formulae representing this function are of importance. 
The first is that of Rayleigh ; 

E k — ('kTX~* (191), 

where k is a constant. This formula agrees with experiment only 
if the quantity XT is sufficiently large, that is, for a given tem- 
perature it is valid only for the longer wave-lengths and for a 
given wave-length only for the higher temperatures. The second 
is that of Wien * 

<h 

Ex = c*hX-\ e UT (192), 

it being another constant This formula is valid only if XT is 
sufficiently small. The third is that of Planck • 

I 

E k = EhX^ rh (193). 

i 

This formula agrees with experiment for all values of A, and 1\ 
it may be noticed that it becomes identical with (191) for large 
values of XT and with (192) for small values of that product. 
It is useful to transform these formulae by the introduction of 
the frequency v in place of X . If E v is the intensity of the 
radiation which has a frequency between v and v-rdv, then, 

Q 

remembering that dX — — , 2 dv, we see that the three formulae 


become 

E y = c'-kv-T (Rayleigh) (194), 

hv 

E v — c~ 2 hv l . e kT (Wien) (195), 

= (Planck) (196). 

& T - 1 


An important feature of (193) is that it shows that E k will 
be a maximum for some finite value of which will, of course, 

15 


C. E. T. 
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d>E 

be determined by the equation = 0, If \ m is the value of X 
tor which this equation is satisfied, it will bo seen that 


ch 

\ v ,T = ^=b (say) (197), 

where /3 is the root of the equation 

e-f + f - 1 =0 (198), 

o 


which gives fj = 49651. It is to be noted that as the temperature 
rises, the wave-length for which the intensity of the radiation is a 
maximum becomes shorter. The experimentally determined value 
of h is 0*294 cm. degree. 

The total intensity of radiations of all frequencies (which might 
be measured by receiving the radiation on a thermopile without 
resolving it by a grating) is given by 

E=r E v dv (199), 

J (i 


where we must insert for E v the value (196) valid for all fre- 
quencies. The integration cannot be effected in finite terms, but 
if the exponential term is expanded in a series and it is re- 
membered that j j' n e~ x dx~n\, it will be found that 
J 0 


whoro 


E = *ST 4 


(it / 
S ~ c 2 /t 3 V 


I 

9J 


1 + cii 4 * ^ 


1 

3 4 



( 200 ), 


>S r is found to have the value 8*427 x 10~" erg/cm. 3 degree 4 sec. 

(200), which states that the amount of energy radiated per 
second from each square centimetre of such a hole as we have 
considered is proportional to the fourth power of the absolute 
temperature of the box, has long been known under the name 
of Stefan's Lav . From the measured values of S and b the 
following values of h and k can be deduced: — 

h = 6*548 x lO - -" 7 erg sec. ; k = 1*346 x 10~ 16 erg/degree. 

Radiation such as we are considering is termed the 4 complete 
radiation corresponding to the temperature T. 
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96 . The possibility of the existence of a thermal radiation 
Equilibrium determined only by temperature and not by the 
radiation. peculiar properties of any material body is a con- 
sequence of the theory of such radiation founded by Provost and 
elaborated by Kirchhoff. This theory is so familiar that it need 
only be sketched here. Three fundamental assumptions are 
made : — (1) That a body in such a condition that it can only 
undergo thermal changes emits a radiation determined wholly by 
its constitution and its temperature, and that such a body, if 
radiation of constant quality falls on it, absorbs a proportion 
of that radiation determined by the constitution and temperature 
of the body and by the quality of the radiation, but not by its 
intensity. The first part of this proposition is really a definition 
of thermal radiation; the second is verj' important but not always 
explicitly stated. (2) That any set of bodies enclosed in a 
boundary impervious to all forms of energy will ultimately attain 
equal temperatures, (d) That if radiation of any quality starting 
from A along AP arrives at B along QB, then radiation of the 
same quality starting along BQ will arrive at A along PA. It is 
always convenient to assume — the assumption does not limit the 
practical application of the theory — that all bodies absorb to some 
extent radiations of all qualities. From these assumptions it can 
be proved that, if K is the emissive power of any body at a tem- 
perature T \ A its absorptive power, E/A is a function only of 
the temperature and the frequency of the radiation concerned 
and is equal to /, the intensity of the radiation of that quality in 
the medium surrounding the body when the final condition con- 
templated in (2) has been reached 1 . If A- 1, E=I and the 
emissive power of the body is equal to the intensity of the 
radiation in the space surrounding it ; a body for which A = 1 
is termed ‘ black.’ 

The radiation of which the intensity is /, traversing all parts 
of an impervious enclosure in thermal equilibrium, may be called 
‘ equilibrium radiation.’ It is clear that it resembles ‘ complete 
radiation,’ for its total intensity is determined wholly by the tem- 
perature, and the intensity of any one of the homogeneous beams 

1 For a precise definition of E, A , I the leader muBt tefer to tieatises on thermal 
radiation. 

15—2 
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into which it could be resolved is determined only by the frequency 
of that beam and the temperature. Moreover it appears likely that 
the conditions in which the complete radiation is obtained air 
also those which would give rise to this equilibrium radiation. 
For, on the one hand, we can regard the hole in the box a* a 
black body, because radiation entering the hole would be neither 
reflected nor refracted at the hole, but wholly absorbed within after 
scattering or reflection at the walls, or, on the other hand, we 
may regard the box as forming such an impervious enclosure as 
has been contemplated and the hole as a means of extracting 
from the box a small sample of the equilibrium radiation within 
without disturbing the equilibrium. Accordingly until recently 
it was not disputed that the complete radiation, the properties of 
which have been described, was exactly the same thing as the 
radiation which would be, according to Kirehhoffs theory, m 
equilibrium with any set of bodies whatever kept in an impen ions 
enclosure at a constant temperature. 

The question now arises whether we can deduce without 
making further assumptions any of the quantitative relations 
concerning complete radiation which are stated in ( li)l) to (200). 
An ingenious argument due to Wien enables us to make some 
progress in this direction. Wien contemplates a cylinder with 
perfectly reflecting walls and movable piston, kept at a constant 
temperature and containing a particle of some substance of 
infinitesimal mass. The presence of this particle ensures that the 
quality of the radiation in the cylinder shall always be that of 
radiation in thermal equilibrium with material bodies at the 
temperature of the cylinder. In virtue of the pressure exerted 
by radiation (§ 111) work must be done to push the piston in, 
and in virtue of the Doppler effect the frequency of the radiation 
will be changed by reflection at the moving piston; by calculating 
this work and this change of frequency while the cylinder is 
carried through a completely reversible cycle, Wien calculated 
from thermodynamical principles a relation between the frequency 
and the intensity of the various components of the complete 
radiation. He arrived at the result that for this radiation 


E k = &\-*F(\T) 


( 201 ), 
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where F is some function of which the form cannot be determined 
without further assumptions. This proposition is known as Wien's 
Displacement Law; it was of great importance in the historical 
developement of the theory, but it becomes unnecessary as soon as 
the further assumptions which are about to bo discussed are intro- 
duced. It should be observed that all three formulae (191, 192, 
193) are special cases of (200), so that the identification of com- 
plete radiation with equilibrium radiation is confirmed, 

97. To proceed further it is absolutely necessary to introduce 
Rayleigh’s some hypothesis as to the nature of the mechanism 
theory ’ by which the equilibrium is attained between the 

bodies in the enclosure and the complete radiation traversing it. 
The simplest and most plausible of the hypotheses which have 
been suggested for the purpose is the proposition generally known 
os the ‘ oquipartition of energy.’ This proposition has been the 
subject of much dispute, but it is now agreed that it is a necessary 
t onsequence of the fundamental principles of generalised dynamics 
as stated m the Hamiltonian equation of least action; these prin- 
ciples are more general than those of ordinary dynamics (which 
they include as a special case) and would have been regarded a 
to nn years ago as the most secure basis of physical science. It 
involves the conception of a ‘degree of freedom,’ which is of some* 
difficulty, but may be defined, if scrupulous accuracy is not 
required, as any quantity involved in the expression for the kinetic 
energy of the system in respect of which a physical system can 
\ary, while all other quantities determining the* energy of the 
system remain unchanged; the number of degrees of freedom of a 
system is the* number of terms, each involving one independent 
coordinate only, which are necessary to express its kinetic energy 
as a function of the coordinates. The proposition of the equi- 
partition of energy states that, when a system is in equilibrium, 
the amount of energy associated with any degree of freedom is 
the same, and the terms in such an expression for the kinetic 
energy are all equal. 

Now consider the impervious enclosure in thermal equilibrium. 
The Hamiltonian expression for the kinetic energy of this system 
consists of two groups of terms. The first group consists of the 
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terms expressing the kinetic energy of the molecules of the bodies 
in the enclosure, the second group consists of terms expressing 
the energy of the complete radiation. The number of terms in 
the first group is equal to three times the number of molecules, 
since each molecule has three degrees of freedom, and is finite ; 
the number of terms in the second group is proportional to 
the number of possible different forms of radiation. If we 
suppose a grating contained in the enclosure, the radiation will 
at some point be resolved into a continuous spectrum and, so 
far as we know, the intensity of the beam forming any infini- 
tesimal part of this spectrum is independent of the intensity 
of each other such beam, that is to say, it is physically possible 
to change the intensity of one such beam without changing that 
of any other. Accordingly the number of independent forms of 
radiation is equal to the number of infinitesimal parts into 
which the spectrum can be divided. But this number is infinite. 
Accordingly if the energy associated with each term is the 
same, the energy m the second gioup of terms will be infinite 
compared to that in the first group. If the energy of the whole 
system is finite (as it is) the first group will have no energy at all. 
Hence this argument would lead to the conclusion that, when 
equilibrium was attained, the kinetic energy of the molecules 
would be zero and the bodies would be at the zero of temperature, 
while all the energy was contained in the radiation. This con- 
clusion appears utterly inconsistent with experiment, for the 
bodies in the enclosure remain in many cases at a very high 
temperature. 

But let us go further and inquire into the distribution of the 
energy among the beams of radiation of different frequency, 
assuming for the moment that the whole energy in the enclosure 
is infinite. The problem is simplified without loss of generality 
if we suppose the enclosure to consist of a cube, the side of which 
is 1. It can then be proved that the only forms of radiation 
which can exist permanently in the enclosure are those for which 

4 

- a ~ P 2 + 9 J + r ’ (202), 

c 

where p , q , r are any integers. Such radiation alone can form the 
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'standing waves’ which must represent all the radiation in a state 
of complete equilibrium. If we want to know how many such 
forms there are having frequencies between v and v -f dv , we must 
find how many sets of integers p, q , r there are such that 

^(p' + T + r^ 

lies between v and v -f dv. It appears that the number of such 

. 4 irvH 1 7 . .. i vl l 

sets is dv, assuming, as of course we may, that or 

C 3 C A 

is a very large number. In order to obtain the number of inde- 
pendent beams of radiation having frequencies between v and 
v + dv, and the number of terms corresponding to such beams in 
the expression for the kinetic energy, we must double this number, 
for waves which are polarised in perpendicular planes must be 
counted independent. The kinetic energy associated with each of 
these terms is the same, according to the principle of equipartition, 
and is equal to that associated with one of the terms of the first 
group, that is one-third of the kinetic energy of a, single molecule. 
But this energy according to p. 57 is \olT. Moreover the radiation, 
unlike the molecules, possesses a potential energy equal to its 
kinetic energy; hence the total energy in the cube contained in 

..... .. . i j • H)7 tv-I'.qlT 7 

the radiation between frequencies v and v + dv is t ^ 3 .dv. 

Now it can easily be shown that U v> the energy, travelling 
with velocity c, contained in unit volume of the enclosure, is con- 
nected with E v , the intensity of the radiation proceeding from the 
hole in it, by the relation 

U (203). 


E v — Jcrc “ v ~ T 


Hence E v — $ac ' v~ T (204). 

If (204) and (194) are compared, it will be seen that they are 
identical if $a = k. Now (p. 58) a = 4-3xl0 _7 €, and if we put 
e = 4*7 x 10“ 10 , the most probable value, we find $a= 135 x 10“ I,S , 
a most remarkable agreement with the experimental value 1 

1*340 x 10- ] *. 

1 Observe that, conversely, if we assume k — $a, we obtain an independent 
determination of for - is known from observations on gases. The value obtained 
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Accordingly we find ourselves in this strange position. The 
arguments which have been given lead in general to a result 
utterly irreconcilable with experiment, and yet, if we apply them 
only to conditions in which \T is large (for it is only to such 
conditions that (194) can be applied), they lead to a very striking 
agreement with experiment and enable us to predict from observa- 
tions on the compressibility of hydrogen how much radiation of a 
given frequency will be emitted from a hole in a box made of 
platinum. Why is the agreement limited to this range* ? Which 
of the assumptions we have made is true within this range but 
false outside it ' 

98. On this point there has been much discussion; there 
jeans 1 are two views worthy of consideration. The first is 

theory, that of Jeans, who proposes to deny the identity of 

complete radiation with equilibrium radiation. He points out 
that, while the principle of equipartition defines the condition of 
equilibrium which a system will ultimately attain, it does not set 
any limit to the time which a system will take to acquire that 
condition. He gives reasons for thinking that, while the system 
would reach equilibrium m respect of the radiations of lower 
frequency in a small fraction of a second, it might take years 
to attain equilibrium in respect of the radiations of higher 
frequency, the time would be determined by the relation be- 
tween the period of the radiation and the average time between 
two collisions of the same molecule ; if the latter time were much 
greater than the former, an immense number of collisions would 
have to take place before the radiations of higher frequency 
acquired the amount of energy which they would have when 
the final condition of equipartition was reached. Now no en- 
closure which is used experimentally is really impervious to 
radiation, if only because a hole has to be made in its wall in 
order that the radiation inside may be observed : if the rate at 
which radiation of a given frequency escaped from the enclosure 

in this, way is e =4 69 x 10“ 10 and is one of the most reliable. The only assumption 
neoessaiy is that complete radiation and equilibrium radiation are identical The 
latest measurements of the constants .S? and b lead to somewhat greater values of 
k and of €. 
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weiH comparable with the rate at which it acquired energy by 
the processes tending to equipartition, then that radiation would 
never possess its full amount of energy, the 1 fact that the energy 
associated with a radiation of high frequency determined experi- 
mentally is very much less than that predicted by (204) is 
due, according to this view, to continual escape of energy from 
the enclosure, which prevents equilibrium being ever attained. 
Moreover the difficulty connected with the prediction that the 
radiation should possess all the energy in the enclosure and 
the molecules none is overcome, for if we integrate (204) for 
those values of v to which it applies (namely those for which 
\T is sufficiently large) we shall find that the total amount of 
energy associated with these wave-lengths is very small compared 
with that associated with the molecules. It is true that if the 
conditions weie such that equilibrium could be reached, the energy 
m the radiations of smaller wav (‘-length would become infinitely 
great compared with that m the molecules, but as they r never 
acquire their full share of energy the total energy of the radiation 
iemains small compared with that of the molecules. This view 
does not require the rejection of any 7 of the assumptions of the 
theoiy of equilibrium radiation, but only the denial that the 
conditions contemplated by that theory an* ever realised in 
experiments on complete radiation. 

The main objection to Jeans' view is that it makes it difficult 
to explain the independence observed experimentally of tin* com- 
plete radiation on the nature of the enclosure. We should expect 
that the rate at which energy is transferred to a radiation of 
given wave-length and the rate at which that energy escapes 
would depend on the nature of the enclosure; unless these two 
rates were always proportional (and it is hard to believe* that such 
.i relation could be universal) the energy contained in radiation 
of any frequency, which depends on both rates, should vary with 
that nature. But it is likely that plausible additional hypotheses 
could bo found to overcome this difficulty and that the eminently’ 
leasonable basis of Jeans’ theory would have been accepted, if an 
alternative theory of exceptional boldness and brilliance had not 
been proposed by Planck. 

Before considering this theory it may be noted that there is 
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one other assumption on which the arguments of § 97 are based 
that might be denied. It has been assumed that each of the 
forms of radiation, possessing different frequencies, which can exist 
in the enclosure represents independent degrees of freedom. But 
it must be remembered that we have concluded (p. 192) that 
each of these frequencies does not represent the vibrations of a 
corresponding radiator in the source ; it merely represents a term 
in the Fourier series into which a large number of complicated 
disturbances can be resolved. If — to take an extreme case — these 
disturbances were all similar and emitted at regular intervals, the 
relative intensities of the terms of the series into which they could 
be resolved would be wholly determined by that nature and in- 
terval. It would not be possible for one term of the series to 
have a certain intensity unless other terms had at the same time 
an intensity proportional to it. There would be a definite relation 
between the intensities of the radiations of different frequency 
into which the disturbances could be resolved, and these radiations 
would not represent independent degrees of freedom , they would 
represent such independent degrees only if the original disturb- 
ances eould be of any nature or separated by any intervals. The 
possibility of escaping in this direction from the difficulties which 
have been met does not appear to have been considered. 

99 . Planck’s theory of complete radiation is based on a 
Planck’s denial of the principle of the equipartition of energy, 
theory jj. as80l q H that complete radiation is identical with 
equilibrium radiation, and that the reason why the radiations of 
higher frequency contain much less energy than that predicted 
by the arguments of § 97 is to be sought in the nature of light 
and of the radiators which emit it; the action of the radiators 
is not determined by the Hamiltonian principle of least action 
from which the principle of equipartition is deduced. Now the 
rejection of the principle of least action underlies not only 
dynamics, but also the theory of electromagnetism sketched m 
the first chapter ; if we reject it, wo must frame a new set of 
hypotheses covering all electrical science before we can proceed 
to mathematical argument at all. In order to see exactly how 
the new hypotheses must differ from the old, it will be convenient 
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to give the outline of Planck’s theory as it was originally stated, 
though it is now agreed that this form of it cannot be regarded as 
logically sound. 

Planck’s theory contains three groups of assumptions. The 
first concerns the mechanism which establishes equilibrium be- 
tween the hot bodies in the enclosure and the complete radiation. 
This mechanism is supposed to consist of ‘ oscillators/ consisting 
of a positively and a negatively charged part which can execute 
relatively to each other linear harmonic vibrations; the frequency 
of these vibrations is different for different oscillators, and in any 
material body there are oscillators having every frequency for 
which the validity of (193) has been observed. The radiation w Inch 
these oscillators emit when they vibrate* and the vibrations which 
they execute when acted on by the* periodic electric intensity m 
a beam of light can be calculated by means of the fundamental 
equations of Chapter I. 

These assumptions are used to determine the relation between 
L p> the mean energy possessed by an oscillator of frequency v> and 
E p , the intensity of radiation of frequency p contained in the 
enclosure when equilibrium is attained. It is easily seen that, 
since this radiation causes the oscillator to vibrate, and since m 
virtue of its vibrations it emits radiation, there will be a condition 
of equilibrium in which the energy taken by the oscillator from 
the incident radiation is equal to that of the radiation which it 
emits. It appears on detailed calculation that L v is determined 
only by the value of E v when p — v, and that 



The assumptions of the second group are thermodynamical. It 
is assumed that the principles of thermodynamics can be applied 
(as in Kirchhoff’s theory) to the oscillators and radiation in the 
enclosure. It is a consequence of these principles that if S is 
the entropy of any part of the system, which is isolated from 
external forces, U its energy, then equilibrium is attained when 
the value of S is such that 


dS_l 

dU~T 


( 206 ). 
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Further, Boltzmann’s equation for the entropy ia assumed, 

S = £ log IF -f (7 (207), 

where k and 0 are universal constants and W is the number of 
4 complexions ’ of the system when it has a given energy U , 
L>y the; number of complexions is meant the number of possible 
d liferent states of the system which are necessarily indistinguishable 
by experiment, thus in the case of a gas at a given temperature, 
pressure and volume, we might be able to distinguish experi- 
mentally states in which the number of molecules possessing a 
given velocity or position was different, but we could not possibly 
distinguish states in which that number remained the same while 
the individuality of the molecules possessing this velocity and 
position changed. With the precise value of C we are not con- 
cerned , the value of k can be found by applying (207) to a 
perfect gas, which leads to the conclusion that k=$ a; we have 
just seen that the k of (191 — 190) has the same value. 

Suppose that there are m the enclosure N oscillators of 
frequency v, each having a mean energy so that the total 
energy V is NL V . The number of complexions will be the number 
of ways indistinguishable by experiment in which this energy can 
be divided up among the oscillators. Suppose that we imagine 
the total energy split up into a large number P of equal parts 5, 


so that P 


NL V 
S * 


Then )V is the number of ways P cards could 


be dealt to N players, the cards being supposed to be indis- 
tinguishable from each other, but the players distinguishable 1 . 
The number of such ways can be shown to be 

iv = ( N + r ~ l ^ ! ( wk ) 

(N-lVPl '' 

Now iY and P are very large numbers, so that we make use of 

Stirling’s theorem, according to which 

= (209), 


Of course we cannot really tell which oscillator has a given amount of energy, 
hut it is conceivable that we could, because the oscillators differ in position and are 
therefore distinguishable, while the energy elements are, ex hypothesis equal and 
absolutely indistinguishable. In counting complexions we are not concerned with 
the states which can actually be distinguished, but the states which, according to 
the theoiy, could conceivably be distinguished. 
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and we may neglect 1 in comparison with X or 1\ Hi ‘lice 
we find 

.S ' = k log if + a = kN |(i + L ‘) log (l + 7 '') - ^ log y 'j + ( - 




.. ..( 210 ) 

] 

or 

i 

1 dS k. / & \ 

log (/,, + ) 

( 211 ). 

whence 

f _ ^ 

* J v 6 

(212) 


e lT - 1 


Hence from (205) 

,, Bp- 1 

. . ,.(2l;>). 

v ,.2 * 6 

e ir - 1 


In calculating (205) according to ordinary electromagnetic 
theory it was assumed, of course, that the energy of any oscillator 
can vary continuously, i e. by infinitesimal increments; in (212) 8 
is the smallest increment by which the energy of an oscillator can 
vary and so (212) will only be true in the limit when 8 tends to 0. 


In that limit we have 

L v = kT (214), 

E v = c~' 2 v 2 lcT (215), 


and we arrive once more at the consequences of the Rayleigh - 
Jeans theory 1 . 

But now Planck makes his third and characteristic assumption, 
which is that 8 is not infinitesimal but that 

8 = Jus ( 210 ). 

If this substitution is made (213) becomes identical with (190), 
the experimentally established relation for complete radiation. Jf 
this assumption can be accepted, Planck’s theory will have succeeded 

1 There appears to be a difference, howevei. We assumed before that the energy 
of a system having one degree of freedom, such as a linear oscillator, was \a'V"\kT ; 
now we find it kT. The difference is only apparent; before we were calculating 
only the kinetic energy of the system, now we are calculating the sum of the 
kinetic and potential eneigies. It may be noted that we arrive at the same result 
because we have made the same assumptions. We assumed the applicability of 
the principle of least action in establishing (205) and we assumed that the radiations 
of different frequency were independent when we assumed that the value of S could 
be found from (206) for the group of oscillators of a given frequency without taking 
the others into account. 
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in explaining the properties of that radiation. The assumption 
means that the energy of an oscillator varies not continuously, 
but by finite jumps and that, since the radiation changes its energy 
by exchange with an oscillator, the energy of the radiation can 
only vary by the same jumps. The magnitude of the jumps by 
which the energy of radiation of any frequency varies is pro- 
portional to that frequency. The physical basis of Planck’s 
explanation of why the radiation of high frequency contains less 
energy than that which is allotted to it by the principle of 
equipartition may be stated roughly thus. — Radiation of a given 
frequency can receive energy only in finite increments 8; the 
magnitude of these increments is greater for the radiation of 
higher frequency. The chance that the system will be in a con- 
dition such that an amount of energy 8 can be transferred suddenly 
and discontinuously from an oscillator to the radiation decreases 
very rapidly as 8 increases. Consequently, though, when a radiation 
of high frequency receives energy, it receives more than a radiation 
of low frequency, the chance that it will receive any energy at all 
is so much less than in the case of a radiation which can take 
energy in smaller increments that the average energy of the latter 
radiation over a long time is greater than that of the former. 

Planck's theory is open to two very obvious objections. The 
first is that it contains two mutually contradictory assumptions 
and therefore, according to logical principles, could be used to 
prove any proposition, true or false. In deducing (205) it is 
assumed that the energy of an oscillator varies continuously; in 
stating (210) it is assumed that it varies discontinuously. Perhaps 
the objection is not so serious as it appears at first sight, for 
examination shows that all that is assumed in proving (205) is 
that the average energy of a large number of oscillators varies 
continuously, while (216) is applied to a single oscillator; all that 
seems necessary to the theory is that the ordinary electromagnetic 
principles should be valid when applied to the average of a large 
number of similar systems. But it may be noted that, for the 
higher frequencies, the finite increments by which the energy of 
an oscillator is supposed to vary are large compared with the 
average energy of the oscillator ; if v = 5 x 10 14 (yellow light) and 
T — 1500 (white heat), then 8 is about 16 times the average energy 
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of the oscillator. Planck has endeavoured to reduce the in- 
consistency yet further by showing that the discontinuous changes 
in energy need only occur in the emission of radiation and not in 
its absorption, but according to his theory there must be some 
discontinuity in the transfer of energy, which is absolutely in- 
consistent with the application of the principle of least action in 
any of its forms to systems in which such transfers are possible. 

In any case the objection need not overthrow' the theory. It 
is not logically inconsistent to assume that (205) and (210) are 
both true, but only that (21 (>) and the principle of least action 
are both true. Before we can prove anything we must make some 
assumptions and hitherto that principle has been thought the 
most certain of assumptions, but if w r e choose to throw it over, 
assume (205) in its place and try to build up theoretical physics 
afresh, there is no logical objection to the proceeding , the only 
question is whether the new building will be more m harmony 
with experiment than the old. 

The second objection to Planck’s theory seems to me much 
more serious. The theory is based entirely on the conception 
of the radiation being emitted from a large number of oscillators, 
all vibrating harmonically but each characterised by a different 
frequency; there must be as many different kinds of oscillators as 
there are homogeneous trains into which the spectrum can be 
resolved. It has been stated already that such a view of the 
nature of light emission appears contrary to all our evidence as to 
the structure of an atom ; there is no evidence that any atomic 
oscillator emits simple harmonic vibrations and then; is no evidence 
for the possibility of the simultaneous presence of so many 
different oscillators of different kinds. Perhaps the theory might 
be developed to deal with oscillators of which the vibrations were 
not simply harmonic by regarding these oscillators as composed 
of others of which the vibrations were harmonic; but it seems 
probable that the radiations of a single oscillator in some bodies 
would have to be regarded as made up of an infinite number 
of harmonic constituents and it would appear then that for such 
systems 8 would have to be infinite. 

I think it would be now generally agreed that, in view of these 
difficulties, Planck’s theory would not have been regarded as a very 
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serious attempt to solve the problem of complete radiation, unless 
evidence for the essential validity of its fundamental conceptions 
had been derived from experiments altogether independent of such 
radiation. The later developements of the theory, chiefly due to 
Einstein, have made these conceptions as important for modern 
physics as those which underlie the electronic theory, we Mill 
consider briefly these developements and return later to the question 
of how the difficulties may be overcome, 

100. Let us assume that the mean energy of a linear oscillatoi 

Consequences temperature T is 

of Planck’s r 

,he ° ry l = ~j,r (2iT). 

e /r — l 

We can arrive at this result by assuming either (212) and (21<>) 
or (205) and (100), while the identity of complete with equi- 
librium radiation is assumed 1 . If the oscillator is not linear but 
can vibrate in any direction, its mean energy will be 3 L v . Let us 
suppose that each atom of a solid element contains one of these 
oscillators, and that all have the same natural frequency e. Then 
the energy required to raise the temperature of these oscillators 
will represent one part of the specific heat of the element , the 
magnitude of this part will be 

C-N* t WL ¥ ) (218), 

when* N is the number of atoms in one gramme. If we take the 
4 atomic heat/ or the heat capacity of a gramme-atom, we must 
substitute v {) (p. 58) for N. Dulong and Petit's law states that 
the atomic heat of a solid element is 

C 0 = 3A;p 0 = 2’4 ( J x 10" ergs — 5 05 cals. ; 
this ‘ normal * value can be deduced by assuming the principle of 
equipartition and supposing that each atom has three degrees of 

1 Seveial attempts have been made recently to deduce the chief results* of 
Planck's theory without making explicit use of (216). (1%) is taken as a result 

known empirically for equilibrium radiation and the Hamiltonian principle of 
least actum is assumed. None of the real difficulties are avoided by this process , 
the difficulty is to see how, if that principle is true, (196) can be true for equilibrium 
radiation. 
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freedom and possesses potential as well as kinetic energy, for then 
the energy of each atom at temperature T will be 6 x \ kT. But 
Dulong and Petits law is not universally true. Einstein first 
suggested that the deviations from it could be explained by 
supposing that the whole heat energy of the solid is the energy of 
the oscillators in the atoms and, consequently, that C is the whole 
atomic heat. 


We have 



(e kr -\ y 


hv 


The right-hand side is a function of . * when this quantity is 

k 1 

very great C/(\ ) = 0, when it is very small C/C„ =1. Thus if 
^r< T C/C 9 > 0*92 and if ^ > 10, Cj C 0 < 0 004. In the first case 


the specific heat of the solid will be practically equal to the 
normal value; in the second case it will be practically zero. If 
the constitution of the oscillators and, therefore, v aie independent 
of T, all elements will have the normal value for their atomic 
heats at sufficiently high temperatures and all will have zero 
atomic heat at sufficiently low temperatures. It has long been 
known that the atomic heat of even those elements which have 
abnormally low values at ordinary temperatures approaches the 
normal value as the temperature is raised; the recent researches 
of Nernst and his pupils show that the atomic heat of all 
substances falls rapidly with the temperature and is almost zero at 
the lowest temperatures which can be reached The exact variation 
of the atomic heat with the temperature is not generally given 
precisely by (219), but in that equation it has been assumed that 
there is only one kind of oscillator and that its vibrations an* 
independent of T. In § 117 we shall see reason to believe that 
there are a large number of oscillators with different frequencies 
present, all these frequencies being less than a limit which is 
characteristic of the substance , this limit is approximately equal 
to the single frequency introduced by the simple theory. If this 
assumption is made the predictions of this theory of specific heat 
agree admirably with experiment. 


e. e. t. 


16 
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It will be observed that by means of (219) we can calculate 
from an abnormal value of the atomic heat at a single temperature 
the value of v f assuming that there is only one kind of oscillator 
present. At oi dinary temperatures (7 7 =800) the condition for an 
atomic heat which lies between the normal value and zero is 
f> 5 x HP > i/ > () o x 1(P; both these values of v correspond to 
the infra-red region of the spectrum. All elements which have 
abnormally low specific heats at ordinary temperatures must have 
a value for v m the infra-red. The following table gives the values 
calculated for v from the ratio at ordinary temperatures. 


TAHLE VIII 


Element 



S ami P 

0 01 

7 1 x W* 

FI 

0*84 

„ 

0 

0 (>7 

14 3 „ 

Si 

0(54 

1.4 0 „ 

]’> 

0 45 

•20 0 „ 

H 

0 31 !) 

23 1 „ 

c: 

0 30 

25 0 „ 


Now in Chapter II we saw that the frequency corresponding 
to an absorption band was equal to the natural frequency of some 
vibrator in the atom ; hence the elements named in the table 
ought to have absorption bands in the positions indicated by the 
values of v. Observations on the elements themselves are not 
available to test this view, but if we examine such compounds as 
have been investigated, we find the following result : 


Substance v foi absorption baruls 

(Wl 12\>, U5xlO w 

Oftt'O.i 44 8, -2(5-3, 10 2 „ 

SiO, 3.V3, 33 3, U f> „ 


r for elements 

91 x 10 12 
14-3, 2r.-0 „ 

14 3, l.VO „ 


The second column gives the observed absorption bands, the third 
the values of v from Table VI II corresponding to the atoms con- 
tained in the compounds. The agreement is perhaps not very 
good, but the fact is to be remarked that no compound is known 
which has an absorption range between the limits 

6*5 x 10 n >v> 6*5 x 10» 
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corresponding to an abnormal value of the atomic heat calculated 
on Einsteins theory, which does not contain an element which has 
an abnormally low value of the atomic heat. 

Indeed it is rather difficult to explain why the agreement 
should be even as good as it is. For in Chapter II wo concluded 
that all the absorption bands in the infra-red represented the free 
vibrations of atoms and not of electrons inside atoms, and it is 
surprising to find that we can predict anything at all about the 
vibration of an atom in a compound from the vibrations of the 
same atom when it forms part of the solid element, we should 
have imagined that the forces under which the atom would vibrate 
would be entirely different in the two cases. It may be noted 
that the electrons in transparent bodies, having all frequencies in 
the ultra-violet, contribute nothing to the specific heat , the 
difficulty which has been so often raised, as to why a body 
possessing as many degrees of freedom as are indicated by its 
optical properties has not a higher specific heat, is overcome ; 
those degrees of freedom which are most important optically 
correspond to frequencies so high that they never obtain an 
appreciable amount of energy. 

The conception that the heat energy of a solid body consists of 
the energy of the oscillators in its atoms and that the mean energy 
of these oscillators is %L V has been applied also to the phenomena 
of electrical conductivity and magnetic susceptibility. We will 
notice only the former. In Chapter III we assumed that the 
mean energy of a free electron was aT or $k r l\ which we then 
thought was the mean kinetic energy of a molecule, and we found 
that, in order to explain the proportionality of the resistance and 
the absolute temperature, we had to conclude that the mean free 
path of an electron, /, was proportional to T K Recent work has 
shown that at very low temperatures the resistance of pure metals 
falls more rapidly than T , so that the resistance of mercury is in- 
appreciable at the temperature of liquid helium which is some 
degrees above the absolute zero. It appears that the relation 
between cr and T can be explained if we continue to assume that 
In T~~ and that the kinetic energy of a free electron is equal 
to that of a molecule, but that the kinetic energy of a molecule 
is 4 L v (the other half of its energy being potential), where v is 

16—2 
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the natural frequency of the mercury molecule as determined by 
observations on the ‘ remaining rays’ (p. 44) at ordinary tempera- 
tures. The explanation of the matter will not be complete until 
some adequate reason is adduced for believing that l is pro- 
portional to T 7 *- but still the new hypothesis does throw some 
light on the difficulty concerning the specific heat of conductors 
which was mentioned in § 45. The external source of heat com- 
municates energy only to the oscillators. If we could suppose 
that the energy of an oscillator consists of the energy of a vibrating 
electron, the similarity in respect of specific heat of insulators and 
conductors might be explained ; for the only difference between 
the two cases would be that in the insulator the electron vibrated 
within the atom and could not move under an external electric 
field, while in the conductor it moved outside the atom and so 
could drift from one to the next under such a field. There are 
several objections to such a view ; one is based on the fact that 
optical experiments show that infra-red oscillators (and these alone 
have any appreciable heat-energy) do not consist of electrons ; 
others will probably occur to the reader; but it is probably in the 
view that the energy of the free electrons is not derived im- 
mediately from the source of heat but only through the agency ot 
the oscillators that the solution of the difficulties will be found. 
At present it is wise to attempt none but the vaguest suggestions. 

101. The considerations of the last paragraph are based only 
The structure on the assumption that Planck’s theory gives correctly 
of tight. the mean energy of an oscillator ; they do not involve 

necessarily the fundamental equation (216) by the use of which 
that result was actually deduced. Now we will make use of that 
equation and suppose that the energy of an oscillator cannot 
change by amounts less than 8 = hv , so that the oscillator will not 
be able to emit light at all unless it is given an amount of energy 
not less than 8. There are two sets of experiments which have 
been mentioned already which can be explained by the use of this 
supposition. The first are those which show that the velocity of 
the particles giving the ‘ moving line ' in the positive ray spectrum 
(p. 206) is always above a certain limit. For, if the energy in 
that line is derived from the kinetic energy of the particles, that 
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kinetic energy must be greater than hv, where hv is the frequency 
of the line. On p. 207 we attempted to explain this observation 
on the grounds that the particle must possess sufficient energy to 
be ionised by collision before it could emit light; the explanation 
now offered is not necessarily inconsistent with the earlier idea 
but may provide a hint as to the physical basis of the apparent 
discontinuity in the changes of the energy of an oscillator (see 
below) 1 2 . The second set is that summed up in Stokes Law 
(p. 21(>). We have attributed the phosphorescence or fluor- 
escence of bodies which obey that law to the impact on theii 
molecules of electrons liberated by the photo-electric action. Now 1 
if v is the frequency of the exciting light, experiments show that 
the energy of these (dec trolls is never greater than hv , where It i.s 
very nearly the same as the quantity denoted in this chaptei 
by that symbol. But if the oscillators cannot take up energy 
from more than one of the electrons at a time, the energy which 
they gain cannot be greater than hv and, in consequence of the 
hypothesis we are now considering, no oscillator will be stimulated 
to emit light if its frequency is greater than v. Only those 
oscillators will be stimulated by the exciting light of which the 
frequency is less than that of the light. This is Stokes’ Law. 
In the case of substances which do not obey that law, the excitation 
is probably not caused by the photo-electric effect, so that the 
considerations which have just been advanced do not apply. 

But of course the most interesting matter which we have to 
consider in this connection is the approximate identity of the h in 
(190) with the h in (210); it has been left till now because it 
leads to a new hypothesis which is suggested by, but not actually 
involved in, Planck’s theory. If (190) is true, the kinetic energy 
of the emergent photo-electric electrons is determined by two 
factors-; first, the quantity w {) which depends on the substance 

1 It may be noted that the kinetic energy of the slowest hydrogen particles 
which emit the moving hydrogen line is about SO volts, a quantity which is 
probably considerably greater than that requited to ionise a hydrogen atom by 
collision. 

2 It will be assumed that the two are actually identical ; the experiments 
alone are not sufficient to establish the fact with certainty, but they are sufficient 
to make considerations based on that identity highly interesting. It must be 
icmembered that, apart from the theory here considered, there would be no reason 
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from which the electrons are liberated and, if the electrons are 
liberated from oscillators, may depend on v , the frequency of those 
oscillators, and, second, the quantity hv which depends only on v, 
the frequency of the incident light. The form of (190) suggests 
that the condition of the electron absorbing the light determines 
only how much of the energy taken from the incident light is 
transformed into kinetic energy of the emergent electrons ; while 
the amount of energy taken depends only on the frequency of the 
incident* light. Now hitherto we have regarded the quantity 
~ hv as determined by the properties of the oscillators ; their 
energy could only change by steps of this magnitude, and, if 
the energy of the radiation of corresponding frequency also 
changed by steps of the same magnitude, it was only because 
in the circumstances considered this radiation could draw energy 
from no source but the oscillators of the same frequency. But 
now it is strongly suggested that this view ought to be inverted, 
that it is the radiant energy which can only be absorbed in steps 
of magnitude hv and that the energy of the oscillators can only 
change by the same steps, because in the circumstances they can 
only draw energy from radiation of the same frequency. When 
we were considering a state of equilibrium between the oscillators 
and the radiation, there was no means of distinguishing between 
the two views or any combination of them, but when we come to 
consider states which are not those of equilibrium it is very 
important to decide which we are going to adopt. 

The view that the finite discontinuous changes in the energy 
are determined by the properties of the oscillators has one great 
advantage, namely, that it might be possible to explain the fact 
without any very fundamental changes in our theories. If the 
emitting and absorbing system were an electron within the atom, 
then it is probable that changes in its energy while it remained 
within the atom would be inappreciable by any observations; it 
would only be when the atom gained energy by the entrance of an 
electron, or lost it by the exit of one, that appreciable changes 
in its nature would occur. Now the energy involved in either of 

for supposing that the two quantities weie even of the same order of magnitude. 
It will also be assumed that the electrons are all liberated with the same velocity, 
differences being introduced by their subsequent history. 
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these two changes would be perfectly definite and it would 
probably increase with the frequency of the vibrations of the 
electrons ; for that frequency increases with the magnitude of the 
elastic forces holding the electron within the atom and, therefore, 
with the energy required to drag it out. The energy of the 
oscillator might really vary continuously, but it would only be 
when its energy varied by a certain finite amount that changes 
which would produce any effect on our observations would 
occur. 

Such an hypothesis concerning the action of oscillators may 
explain some of the facts, but it cannot explain all. If it is to be 
applied to the omission of complete radiation it requires the 
assumption that all absorption and emission of this radiation 
takes place in oscillators of definite natural frequency. Now, 
though this assumption is involved in the theory which led to onr 
discussion, our developcments have carried us further and further 
from it. The theory of specific heat sketched in § 100 leads 
to the view that the heat energy of a body is distributed 
among oscillators, not of all possible frequencies, but of a com- 
paratively small number of definite frequencies all of which are 
less than a certain limit. Unless we are to conclude that the 
remarkable agreement between experiment and theory which was 
found is misleading, it is absolutely necessary to assume t^at the 
part of the complete radiation emitted by such bodies which has 
frequencies higher than this limit does not come from oscillators 
of the same natural frequency as the radiation. Now if each 
form of radiation does not come from an oscillator of the* same 
frequency, the hypothesis which has been suggested as to the 
constitution of oscillators offers no explanation as to how the 
radiation comes to be emitted iri finite amounts hv, and yet it is 
the assumption that the radiation is so emitted which is really 
fundamental in Planck’s theory of radiation and leads to an 
agreement with experiment. In the calculations ot § 99 the 
oscillators might be left out of consideration completely; we might 
apply (207) to the energy of the radiation U v and not to that 
of the oscillators L v . Assuming that U v is always a multiple 
of hv y and remembering the estimate given in § 97 for the number 
of frequencies which the radiation can have between the limits 
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v and v -f dv , we might consider the number of ways in which the 
P f3nergy elements could be distributed among the N trains 
of radiation in unit volume of the enclosure and should arrive 
again at the value for E v given by (215). From E v we might now 
deduce as in (205) and obtain the same result for the mean value 
of an oscillator, but the value now would be determined by the 
discontinuity of the changes of energy in the radiation and not 
by the constitution of the oscillator itself. We might still proceed 
to the conclusions of § 100, if we assumed that in measurements 
of specific heat the heat energy was transferred by means of 
radiation, and yet avoid the inconsistency of assuming that the 
number of groups of oscillators with different frequencies in the 
substance was infinite and then concluding that it was small and 
finite. 

102. On this ground alone it appears desirable to suppose 
that (210) applies to the radiation apart from any 
ig t quanta COIiai( ] iTa tjmns about oscillators (though it may apply 

to oscillators also apart from any considerations about radiation) 
and that radiant energy of frequency v } from whatever source it is 
emitted and by whatever recipient it is absorbed, is always com- 
posed of bundles of finite amount hv> so that if a recipient takes 
any energy from the radiation it must always take a complete 
bundle. This view has been put forward by Einstein, who terms 
a bundle of magnitude hv a ‘light-quantum’; the hypothesis 
is that an elementary recipient of radiant energy can take from 
light a whole quantum at one time and can never take less than 
a quantum ; there may be cases in which it can take several 
quanta at the same time. The view, of course, requires a complete 
reversal of our conceptions of the structure of light. According 
to the view which has prevailed hitherto, the light from a source 
however small spreads out uniformly round the source and a 
recipient of energy can take continuously that part of the energy 
which falls on it; if it subtends at the source a solid angle a> 
it may take from the source during a given time a fraction o>/ 47 t 
of the energy emitted by the source in that time but no more. 
According to Einstein’s view it can always take up a quantum hv, 
so long as that quantum has been emitted from the source and 
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a lower limit to the amount of energy which it can take up is not 
set by the angle to. 

There is one remarkable feature connected with the photo- 
electric effect, to which reference has not yet been made, which 
shows that the older view is quite inadequate and that some 
reconstruction of our ideas is necessary, while it is in complete 
agreement with Einstein’s theory. A photo-electric effect can 
certainly be observed when the energy falling per second on 
1 sq cm. of the substance is much less than L erg (which is 
equivalent to a standard candle at a distance of 2 metres), and the 
energy of each electron liberated by it can be certainly greater 
than 10“ ,a erg (corresponding to 0 G volt). On the ordinary theory 
of light an electron cannot absorb more energy than falls on the 
molecule in which it is contained ; but the area covered by the 
section of a single molecule is certainly less than 10 -n cm.* 5 It 
appears then that no electron could acquire the energy with which it 
actually emerges unless light had acted for L0 3 secs, or about {hr. ; 
until this time has elapsed from the moment whim the light was 
turned on, there should be no photo-electric effect. As a matter 
of fact the effect appears to start absolutely simultaneously with 
the action of the light. 

But if the light energy is done up in bundles or quanta, and 
an electron can take up a whole quantum instantaneously, -then 
there can be a photo-electric effect resulting in the emission of 
a single electron as soon as the total energy of the light emitted is 
equal to one quantum. Now the source contemplated is emitting 
light at the rate of 5000 ergs a second, so that only 2 x 10~ , “ sec. 
need elapse before a (plan turn is emitted. This time is, of course, 
wholly inappreciable. 

The theory of light-quanta also explains at once the relation 
(190), if it be assumed that in the photo-electric effect an electron 
cannot take more than one quantum at a time ; for the energy 
given to an electron will always be hv and will depend only on 
the frequency of the incident light, while only the fraction of this 
energy appearing as kinetic energy will be determined by the 
absorbing substance. But too much weight must not be attached 
to this argument, in view of the comparatively slight evidence for 
the universal validity of (190). Again the hypothesis explains 
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why the velocity of the photo-electric electrons is independent 
of the intensity of the incident light. The magnitude of the 
quanta does not depend upon the intensity of the light, which is 
determined only by the number of them falling on the substance 
in unit time, so long as this number is so small that an electron 
never has an opportunity to take up more than one quantum 
before it is ejected from the substance or loses its energy by 
collision with other systems, the amount of energy it can receive 
will be wholly independent of the intensity of the light 

In the next chapter we shall meet with other and still more 
convincing proofs that the older theory of the structure of light 
radiation is inadequate and that many facts can be explained by 
means of Einsteins hypothesis. Attempts have been made by 
Planck and by Sommerfeld to prove that this hypothesis is un- 
necessary and that the older theory, combined with the assumption 
of discontinuous energy changes in oscillators, is sufficient, but to- 
me at least these attempts do not appear successful. It is quite 
possible that an oscillator, when it receives energy from a source 
other than radiation, such as the impacts of electrons, changes 
discontinuously, but it seems also necessary to suppose that the 
energy of light, even when it is not acting on oscillators of its 
own frequency, changes discontinuously. But of course Einstein’s 
hypothesis presents difficulties, which must now be considered ; 
not the least of these is to devise any theory, similar to that 
proposed above for oscillators, whereby a connection may be traced 
between the discontinuous energy changes in radiation and our 
general theory of electrical phenomena. One attempt to overcome 
this difficulty has been made. 

The essential feature of the older theories is that the processes 
of the emission and absorption of radiation by two small systems 
A and H are represented as unsymmetrical. Even if A and B are 
precisely similar it is regarded as impossible that A should absorb 
all the radiation emitted by B or vice versa ; if A is absorbing as 
much radiation as it emits, the radiation which it absorbs does not 
come from a system similar to itself but from a very great number 
of such systems distributed all round it. If we reject this view 
and imagine that it is possible for all the radiation emitted by A 
to fall on B and be absorbed by it, the difficulties as to the time 
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required to acquire a given amount of energy are overcome. It 
has been pointed out by J. J. Thomson that this supposed dis- 
symmetry is by no means a natural consequence of our fundamental 
hypothesis that radiation consists of disturbances propagated along 
Faraday lines. Once we accept the conception of these lines, it is 
at least as natural to suppose that a single elementary radiator 
emits disturbances along one line only as that it emits them 
along a very large number of lines distributed round it in all 
directions; it is a most obvious consequence of the view that the 
charge on a body is contained on a finite number of indivisible 
electrons that the medium round that body should be regarded as 
composed of indivisible lines each of which is associated with one 
electron But if the radiation from a single element is sent along 
one Faraday line then, of course, all that radiation could be absorbed 
by another single system through which that line passed. According 
to this suggestion a disturbance travelling along a single Faraday 
line would form a bundle of energy indivisible except m so far as 
it possessed a finite length ; it might be difficult to explain why 
a recipient on the line always absorbed the whole train of waves 
and not only a part of it, but difficulties connected with the time 
necessary to absorb the energy would vanish ; for the time required 
for the longest tram to pass over a receiving system would always 
be short compared with any that could bo observed 

The speculation is notable as the; only attempt that has been 
made to visualise* the mechanism by which the energy of radiation 
is divisible into quanta of finite amount which can be absorbed 
almost instantaneously by a system on which they fall. It 
requires a revision of the whole foundation of electromagnetism 
as applied to electrons or other elementary systems, since the 
inverse square law for the attraction would not hold for such 
systems. But the equations of Chapter I might still hold for 
systems containing large numbers of electrons (such as alone can 
be observed directly), for the number of Faraday lines connected 
with such systems would be so large that they might be con- 
sidered as distributed uniformly in the space surrounding the 
system. However, it does not overcome two great difficulties 
connected with the conception of quanta of radiant energy, on 
which a few words must be said. 
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In the first place we must ask what are the quanta composing 
radiation which does not consist of a train of homogeneous light 
of a single frequency v, and, if quanta are indivisible, how does it 
come about that such radiation is resolved by a grating into 
homogeneous trains characterised by different quanta > No answer 
can be attempted to this question. It can only be pointed out 
that, if the quantum theory of radiation is true, all the assumptions 
on which the resolution of light by a grating was explained 
become dubitable or demonstrably false ; we arc* once more left in 
complete ignorance as to how that resolution is effected and as to 
the relation between the nature of the resolved and the incident 
light. We may after all have to return to the Newtonian idea 
and say that the incident light really does ‘consist’ and has been 
made up of the homogeneous trains into which it is resolved. The 
objections which were urged against that view vanish if we suppose, 
as according to the quantum theory we must suppose, that our 
theory of the mechanism by which radiators emit radiation is 
wrong. Homogeneous trains existing m white light need not 
certainly be supposed to come from radiators vibrating harmonically 
in the corresponding frequencies; even the most irregular motions 
might, for all we know, give rise directly to trains of regular 
vibrations. 

In the second place there are difficulties connected with inter- 
ference and diffraction'. If quanta are indivisible, two beams 
which are brought to interference, whatever their source, contain 
different quanta. Why then do beams from the same small source 
interfere and those from different sources not interfere t The 
ordinary explanation based on irregular phase differences is in- 
adequate unless we suppose that there are phase relations between 
the quanta emitted from the same source which do not hold 
between those from different sources. A more serious difficulty is 

1 Of course the first difficulty really concerns interference also, for gratings and 
pusms act hy producing liiterfeience, and Thomson’s theory could explain resolution 
bv a grating if these difficulties could be overcome. It should be observed that on 
that theoiy diffraction is not required to explain the rectilinear propagation of 
light; for the light would travel along the Faraday lines radiating from the source 
and would only be stopped if the lines fell on an absorbing body. The lines, outside 
the field giving rise to the disturbance, would be straight, so that an explanation of 
geometrical shadows follows immediately. 
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that numerical calculation shows that in some cases when inter- 
ference and diffraction are observed with very feeble lights the 
number of quanta in unit volume of the radiation is so small that 
it would be very improbable that two quanta would fall on the 
same point at the same tune , and if they do not so fall it is 
difficult to give any explanation of their interference. Diffraction 
patterns have been photographed when the intensity of the light 
was such that there could not have been more than one quantum 
in each cubic decimetre of space. If a single quantum occupies 
any appreciable fraction of this space how can it be absorbed by 
a single electron ; if it does not, how can it interfere with another 
quantum 7 

The problem of solving these and similar difficulties without 
abandoning the fundamental conceptions of the Planck- Einstein 
theory is the most important of modern physics. Of the truth of 
the essential features of that theory there can be no doubt ; the 
universal constant h which it introduces is as important as the 
charge or the mass of an electron ; but a satisfactory explanation 
of its physical nature has not yet been attained. 

103. In order that the developement of these ideas should 
not be interrupted a few subsidiary questions have been raised 
but have not been discussed. It will be convenient to notice 
them briefly here. 

(1) What is the relation between the thermal radiation 
characteristic of a body and complete radiation 7 — The former 
may be regarded as a complete radiation on which is superimposed 
radiation determined by the natural frequency of the oscillators 
peculiar to the body. As in Jeans’ theory, if the body is in such 
a condition that the energy it radiates is immediately removed 
from it and does not fall on it again, those frequencies to which 
energy is transferred most rapidly will have more than their 
normal share of energy. But if the energy does not escape and 
true equilibrium is attained, these frequencies are also the more 
absorbed and their excess of energy is removed. 

(2) What light does the theory of complete radiation throw 
on the nature of the disturbances constituting white light 7 — 
Of course, if the light-quantum theory is correct, all conclusions 
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as to the nature of those disturbances based on observations on 
the resolved spectrum are unreliable, until a new theory of that 
resolution is developed. But, even if the facts could be reconciled 
with the older theory of light, it appears impossible that, even if 
we could determine the nature of the disturbances which fall on 
the grating, we could conclude therefrom anything about the nature 
of the radiators from which they were originally emitted. For in 
all cases of thermal radiation, the amount of the radiation and, 
probably, tin* nature of the* disturbances of which it consists, are 
determined as much by absorption as by emission. A disturbance 
originally emitted from one radiator may be absorbed m another 
and its original form utteily distorted 

(3) How would the light-<|uantum theory explain cases of 
fluorescence which do not obey Stokes' Law ? — Probably by the 
absorption by the fluorescent radiators of more than one quantum 
from the original light. When the fluorescence is due to resonance 
it is not difficult to see that such absorption might occur, for the 
system might be able to store energy for a considerable time. 

(4) What bearing have the conclusions of this chapter on 
those of the last 1 — All that was said about resolution of spectra 
is dubitable unless the problems raised in the last paragraph arc 
solved. Conclusions concerning the nature of the systems emitting 
line spectra are rendered doubtful only if the nature of a disturb- 
ance gives no clue to that of a radiator; these spectra lie almost 
entirely in the visible and ultra-violet regions; they therefore 
possess no appreciable heat energy and nothing can be ascertained 
concerning them from studies of the condition of thermal equi- 
librium. 
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CHAPTER XI 

X-RAYS AND y-RAYS 

104. X-RAYS (which arc* also known as Roentgen 1 rays) are 
General produced when kathode rays strike a solid body ; 

properties. they ure usually obtained from discharge tubes of 
special form, containing gas at a very low pressure, so arranged 
that almost all the kathode rays leaving the kathode fall on a small 
area of a solid body, called the anti-kathode, placed in their path. 
7 -ravs are emitted by any radioactive source of /9-rays. These 
two groups of rays are now universally considered to be of the 
same nature, partly on account of the general similarity of their 
properties and partly on account of theories as to their structure ; 
the evidence for this view will appear as we proceed. They differ 
from a- and / 9 -rays by being undetected in electric and magnetic 
fields ; they differ from light by being incapable of regular reflection 
and refraction in non -crystalline media (see § 114). All X-rays 
and 7 -rays pioduce ionisation in gases and darken a photographic 
plate. 

Like all other rays, X-rays and 7 -rays an* diminished in 
intensity by passing through material bodies, and this absorption 
depends, of course, both on the nature of the body and on the 
circumstances in which the rays are produced. In a given sheet 
of matter the absorption of 7 -rays is in general very much less 
than that of X-rays, but the difference between 7 -rays and X-rays 
in the matter of absorption is not as great as that between 
the* different kinds of X-rays emitted under different conditions. 

1 I prefer the teim X-rays because it is shorter and because it is that given by 
the discoveiei. Nowadays perhaps it would be best to use X-rays as a general term 
to include both Roentgen- and y- rays. 
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Rays which have; a great penetration and an* little absorbed are 
termed ‘hard,’ those which are easily absorbed ‘soft’; a group of 
rays which is harder than another in respect of the penetration of 
one kind of material may be softer than that group in respect, of 
the penetration of another kind of material , if rays are to be 
classified according to their hardness the substance in which they 
are absorbed must be stated. Aluminium is the substance chosen 
for the classification usually employed. 

In general experiments on absorption alone do not yield much 
information as to the nature of the rays, owing to the complications 
arising from scattered and secondary radiations. But it is found 
that under certain conditions X-rays can be produced which an* 
absorbed in any substance* in accordance with the simple equation 
(1(38). llays so absorbed are termed ‘ homogeneous/ It appears 
that all homogeneous rays for which the value of X in the same 
absorbing medium is the same an* alike in respect of all their 
qualities and can differ only in intensity, but two groups of 
heterogeneous rays, absorbed to the same* extent in a given sheet 
of material, may differ in their absorption in other sheets of the 
same* material or in their absorption in other materials or in other 
qualities. Homogeneous rays, then, but not heterogeneous rays, 
can be identified by means of their value of X for aluminium, just 
as /3-rays are identified by their velocity, or light by its wa\e- 
length. A group of heterogeneous rays can always be regarded 
as composed of a mixture of homogeneous rays of different 
qualities in suitable proportions. 

The absorption of a given beam of homogeneous rays by 
a given mass of any material is independent of the thickness of 
the layer over which that mass is distributed. Accordingly it is 
convenient to introduce a new constant X,„, determined by the 
nature of the rays and the absorbing medium, defined by 

I = I n e~' s * m .. (220), 

where m is the mass of a portion of the layer having unit surface. 
It is easily seen that, if p is the density of the absorbing material, 

X« = X/p ( 221 ); 

X m measures the absorption of the material per unit mass, X per- 
unit thickness. 


c. K. T. 


17 



258 


X-RAYS AND 7-RAYS 


[104 


When X-rays or 7-rays fall on any material body, they may 
excite a scattered radiation and two kinds of secondary radiation 1 : 
one of these kinds consists of /3-rays (i.e. electrons moving with 
velocities sufficient to enable them to ionise gases), the other kind 
of X- or 7-rays. In accordance with § 60, the scattered radiation 
is distinguished from the second kind of secondary by the fact 
that the quality of the former is determined wholly by and is 
nearly identical with the quality of the incident rays, while the 
quality of the latter is not determined wholly by that of the 
incident rays. Tin 1 total energy of tin* scattered or secondary 
rays is always less than that of the primary. 

X-rays may be polarised; the experimental evidence is not 
sufficient to determine whether the same is true of 7-rays. The 
X-rays produced by kathode rays in a discharge tube are never 
completely polarised ; they are usually partially polarised, the plane 
of polarisation (defined as in § 69) being perpendicular to the 
plane containing the X-rays and the kathode rays. The polarisation 
of the softer rays emitted by such a tube is more complete than 
that of the harder On the other hand the scattered rays art* 
completely polarised, the plane of polarisation being that con- 
taining the incident and the scattered ray The secondary X-rays 
are unpolarised. 

Wo will now consider briefly the chief properties of the 
scattered and secondary radiations, the study of which has led 
lately to a great advance in our theory of the nature of the rays. 


Scattered 

radiation 


105 . If a beam of X-rays is allowed to fall on a plate of 
some material and the ratio of the intensity of the 
X-rays emergent from the plate to the intensity of 
the incident rays is measured, it is found that this ratio depends 
on the thickness of the plate, on the material of which it is 
composed, on the hardness of the incident rays and on the angle 
between the emergent and the incident rays. If the plate is so 
thin that it absorbs no considerable fraction of the incident rays, 


1 It has not yet been established experimental!} that all bodies struck by X-rays 
can emit secondary X-rays. Scattered X-rays and secondary fi - rays are excited by 
all X* and y-iays in all bodies ; secondary X-rays by some rays in some (probably all) 
bodies. 



105 ] 


SCATTERED RADIATION 


259 


the ratio ceases to be dependent on the precise thickness , a thick 
plate gives a different ratio from a thin only because it absorbs 
the softer portion of the heterogeneous incident rays and so alters 
their quality ; accordingly, if the plate is always thin, this factor 
may be left out of consideration. 

If both the hardness of the incident rays and the angle between 
them and the emergent rays which are being measured are kept 
constant, the effect of the material alone may be investigated. 
If the rays are such as aie sent out by an X-ray tube of average 1 
hardness (X m = about 10 foi aluminium), it is found that so 
long as the material on which they bill contains no element of 
which the atomic weight is greater than 40, the intensity of the 
emergent rays is nearly proportional to the mass of the material 
in which they are excited, whatever its chemical nature; the 
hardness of the* emergent rays is almost exactly the same as that 
of the incident and varies continuously with that hardness 1 . Such 
radiation is ‘scattered’ X-iadiation. It is completely or almost 
completely polarised, as may be shown, according to § 09, if the 
radiation is allowed to fall on another material body and the 
radiation excited by it m that body examined ; its plant* of 
polaiisation is that containing the original incident beam and the 
polarised scattered beam. 

Now, keeping the material and the hardness of the incident 
beam the same, the variation of the scattered to the incident beam 
with the angle between them can be investigated. Since the 
incident beam is partially polarised, this ratio will vary with the 
plane containing the scattered and incident beams, but if the 
mean value of the ratio is taken for all positions of this plane 
its value will be very nearly that which would be given by an 
unpolarised incident beam. If R et R lt R p are respectively the 
values of the ratio for the scattered radiation emerging in the 
direction in which the incident beam travels, in the opposite 
direction to which it travels and at right angles to this direction J , 

1 Some experiments indicate that the scattered rays are slightly softer than the 
incident. 

It is con\enient to adopt Bragg’s nomenclature according to which scattered 
oi secondary radiations leaving the scattering mateual on the side at which the 
incident radiation emerges and travelling in the same direction as that radiation 
are called ‘emergence radiation,’ while those which leave the scattering material 

17 — 2 
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then it is found that R t . > Il t > R p . The ratio R e /R{ varies with 
the hardness of the rays ; it is very much greater for 7-rays than 
for X-rays; the evidence as to whether it is greater for hard 
X-rays than for soft is conflicting, but the difference between the 
X-rays and the 7-rays suggests that it is greater for the harder 
rays. The value of R t /R p also varies with the hardness of the 
incident rays ; for the very softest rays it appears to be 2 , it 
is less for harder rays. 

The hardness of the scattered radiation depends entirely on 
that of the incident; if it did not we should not call it scattered , 
but it appears not always to be of exactly the same hardness 
as the incident. In the case of the 7-rays the scattered radiation 
is certainly somewhat softer than the incident and the incidence is 
softer than the emergence , in the case of X-rays there is no 
certain evidence of a change of hardness 111 scattering. It is 
probable that at least part of this apparent change in hardness is 
due to the heterogeneity of the incident rays. In a given layer of 
material soft rays are scattered more* than hard, accordingly in 
the first layers through which the rays pass the softer portion will 
be, scattered leaving only the harder portion to be scattered in the 
last layers; moreover in passing through the scattering layer from 
the place where they are produced to that where they emerge the 
softer portions are, of course, absorbed more than the hard; both 
these causes tend to make the incidence radiation appear softer 
than the emergence. There are also complications arising from 
the secondary radiations ; it cannot be said that there is any 
evidence that the scattered radiation from an infinitely thin layer 
which emits no secondary differs in hardness from the incident 
radiation. 

The total intensity of the scattered radiation is, of course, less 
than that of the incident ; its energy appears to be derived purely 
from that of the incident. The amount scattered increases with 
the amount truly absorbed, but not always in the same proportion, 
so that no definite statement can be made as to the fraction of 

on the Hide on which the incident rays are incident and travelling in the opposite 
direction to those lays aie called 4 incidence radiation.’ But the reader must be 
oaieful to distinguish incident from incidence radiation. The former is primary, 
the latter scattered or secondary. 
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the energy of a given beam of rays which is converted into 
scattered radiation when it passes through unit mass of material. 
In the case of rays of average hardness from an X-ray tube about 
one-tenth of the whole amount of energy abstracted from the 
rays in passing through a thin layer of material which emits no 
secondary X-radiation appears to be converted into scattered 
radiation. 


106. If, while the other factors a re kept constant, the atomic 
Secondary weight of the material constituting the radiator is 
x-radiation increased, the ratio of the emergent to the incident 
ladiation increases very markedly after an atomic weight of 40 is 
passed. When chromium (52) is reached, the emergent radiation 
is about 300 times as great as it was for the light elements. At 
the same time the emergent radiation has undergone a change in 
character; it is now very much softer than the incident radiation 
and its hardness is independent of that of the incident; it is 
almost completely unpolarised and its intensity is almost in- 
dependent of tin* angle between the emergent and incident rays. 
The fact that the qualification ‘almost’ has to be inserted in these 
statements is due to the fact that this new form of emergent 
radiation, which has all the characteristics of secondary radiation, 
is mixed with a small proportion of scattered radiation, siich as 
emerges from radiators of lower atomic weight. The secondary 
radiation from an element is homogeneous and its hardness 
depends only on the nature of the element ; the nature of the 
secondary radiation from a compound is determined only by the 
elements contained in that material and not by their state of 
chemical combination. There is a secondary radiation of definite 
hardness emitted from any radiator containing chromium and 
another emitted from any radiator containing zinc ; chromium 
oxide or zinc oxide omits the homogeneous radiations characteristic 
of chromium and zinc respectively, together with a certain amount 
of scattered radiation due to the presence of the oxygen ; a mixture 
of chromium and zinc would emit a heterogeneous radiation which 
might be regarded as made up of the radiations characteristic of 
chromium and zinc. Accordingly we may speak of zinc rays or 
tin rays, meaning thereby the homogeneous secondary radiations 
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omitted from /due and tm, and these expressions will denote 
X-radiation of perfectly definite quality. The following table due; 
to Barkla, who has been foremost in such investigations, gives the 
value of \ m in aluminium for the secondary radiations emitted 
from radiators containing some of the (dements from calcium to 
bismuth. It will be observed that, in general, the characteristic 
radiation of tin' (dement of higher atomic weight is harder. 


TABLE IX. 


Element 
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The ratio of the intensity of secondary radiation to that ot the 
incident radiation is a maximum whim the incident rays an* just 
harder than the secondary radiation characteristic of the substance 1 
on which they fall, it is zero if the incident rays are softer than 
this radiation and small if they an* much harder. This relation 
is most easily demonstrated by allowing the homogeneous radiation 
from one element to fall on another and observing whether it 
excites in it the homogeneous radiation characteristic of it; it is 
found that tin* radiation from an (dement A will excite* the homo- 
geneous radiation from another clement B only if the atomic 
weight of A is greater than that of B. Zinc rays excite copper, 
iron or chromium rays in radiators containing those metals, but 
copper, iron or chromium rays do not excite zinc rays when they 
fall on zinc, nor do zinc rays excite selenium or tin rays ; the 
intensity of the secondary radiation excited by a given beam of 
zinc rays is greater when they fall on copper than when they fall 
on chromium. 

It will be seen that for some elements two value's of \ ttl are 
given. In these eases the secondary radiation is not homogeneous. 
If a very thin screen is used, the value of A m calculated from 
(220) for iodine is 806, but as the thickness of the screen is 
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increased this value decreases ; after a certain thickness is attained, 
the value of \, n calculated for any additional thickness becomes 
constant and equal to 0 02. These facts an* readily explained if 
it be supposed that the radiation is made up of two homogeneous 
radiations of widely different hardness; the very thin screen 
absorbs practically only the softer radiation and so gives the value 
of \ tti for that radiation, while after the thickness is sufficient to 
absorb all the softer radiation, an additional thickness gives an 
absorption determined only by the properties of the harder con- 
stituent. 

An examination of tin* table undoubtedly suggests that the 
(‘mission of more than one homogeneous radiation is not peculiar 
to some elements only; it would seem probable that then* an* two 
series of homogeneous radiations, in each of which tlu* hardness of 
the radiation increases with the atomic weight of the element, 
while the radiation in one series is always much harder than that 
m the other for the same element. The fact that only one 
tadiation has been discovered in most elements can be readily 
attributed to experimental limitations. It is impossible to detect 
with any certainty a very soft radiation because il is absorbed 
before it can enter any measuring instrument, partly in tin* 
substance which emits it, partly in the air or the apparatus 
surrounding it. It is quite * possible that elements of lower atomic 
weight than silver emit radiation belonging to the softer series, 
but since the value of \, n for this .series in the case of such 
elements would be greater than 700, it would be completely 
absorbed in a few centimetres of air and would probably escape 
detection. 

Again it would lie very difficult to observe the very hard 
radiation which would be emitted by the heaviest elements, if 
these elements possess a radiation belonging to the harder series. 
For we have noted that in order to excite a given secondary 
radiation we must always use a primary which is harder than it. 
Accordingly in order to obtain the very hard radiation which we 
should expect to be emitted by bismuth, we should have to use 
very hard primary rays; but the hardness of the primary X-rays 
which we can obtain is limited by the potential difference which 
we can apply to the X-ray tube (see below) and it is not possible 
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to produce primary rays which are considerably harder than the 
cerium rays for which A™ = 0*6; if there are very hard bismuth 
rays, they would be harder than such rays and no X-rays which 
we can produce would excite them. 

But can we not use the 7-rays, which are harder than X-rays, 
to produce these radiations ? For 7 -rays \ w may be as low as 
0’04, but here again there are difficulties, for we cannot obtain 
7-rays as intense as X-rays, also it should be noted that as the 
amount of secondary radiation produced is a maximum if the* 
primary rays are only slightly harder than the secondary, the 
7-rays may be too hard to produce much secondary radiation. 
The production of cerium rays by the incidence of 7-rays on 
cerium compounds has been observed and affords perhaps the 
most certain experimental evidence for the essential similarity of 
7- ;md X-rays, but the production of secondary rays harder than 
those of cerium does not seem to have been recorded. Certain 
anomalies which have been noted in experiments on the * scattering’ 
of 7-rays by lead may be due to the fact that the emergent rays 
in these cases are not simply scattered but are also partly 
secondary. 

It may be concluded that it is highly probable that all 
elements emit two homogeneous radiations, one of which is very 
much harder than the other. The series of hard radiations 
(denoted by the upper row in Table IX) is termed by Barkla the 
K series ; the soft radiation (the lower row) is termed the L series. 
There is some evidence for the existence of a series harder than 
the K series, for it appears that under the action of very hard 
primary rays the elements of low atomic weight (less than 40) 
give an emergent radiation which is not purely scattered, but 
contains a part which is secondary radiation characteristic of the 
element. The radiations belonging to the K and L series character- 
istic of these elements would be too soft to be detected ; but if 
there is a J series, harder than the K series, the radiations 
belonging to it characteristic of the heavier elements would be too 
hard to be excited by any primary rays at our disposal, and it 
would only appear in the case of the lighter elements. 

Whiddington has pointed out that there is a simple relation 
between the K and L series which may be stated as follows : — 
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The radiation belonging to the L series emitted by an element of 
atomic weight W is identical with that in the K series emitted by 
an element of atomic weight W\ where 

W' = i{W-»0) (222). 

There is a very obvious analogy between the emission of these 
characteristic secondary radiations under the action of X-rays and 
the fluorescence of various substances under the action of light. 
In both cases we observe the emission of a true secondary 
radiation, characteristic of the radiator and not of the exciting 
rays, and the members of the K and L series for the same element 
may be analogous to the different lines in the fluorescent spectrum. 
Further, if hard rays are analogous to light of high frequency, 
the rule that the secondary rays are always softer than the 
primary would correspond to Stokes’ Law 1 . On the ground of 
this analogy Barkla terms the characteristic secondary radiations 
* fluorescent radiations/ but while the nature of the X-rays is still 
uncertain, it is unwise to describe the facts in terms which connote 
one definite theory rather than another. 

107. When X-rays or 7-rays fall on any material body they 
Secondary cause the emission from its surface of electrons 
/3-rays. moving with considerable velocities, which fori arrays 

essentially of the same nature as /3- or kathode rays. The relation 
between the velocity of these electrons and the exciting rays or 
the material in which they are excited may be stated in the 
following propositions : — 

The velocities of the electrons are not all the same but 
probably vary continuously from a certain maximum to zero , 
nothing appears to be known concerning the proportion of electrons 
having a velocity which is a given fraction of the maximum, but 
probably the greater number have velocities near the maximum. 

The maximum velocity is determined only by the quality of 
the exciting rays. It does not depend on their intensity, nor upon 
the material upon which they act. If the exciting rays are those 
characteristic of an element of atomic weight W belonging to the 

1 It should be noted however that Stokes’ Law does not apply to bodies which 
emit a fluorescent line spectrum. 
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K series, the relation between v Hy the maximum velocity of the 
secondary /3-rays, and W is 

v H = k\V (223), 

where lr is very nearly L 0 M cm./sec. 

If the exciting rays belong to the L series, the same relation, 
in accordance with ( 222 ), is given by 

= U(1T~50) (224). 

There is then a secondary /3-radiation which is characteristic 
of a given element just as there is a secondary X-radiation, and 
we may speak of tin / 3 -rays, just as we spoke of tin X-rays, 
meaning / 3 -rays of a perfectly definite velocity, which is given 
by substituting for W in (223) the atomic weight of tin. It 
must be carefully remembered, however, that, while the tin 
X-rays are the rays emitted fiom a radiator of tin, the tin / 3 -rays 
are not those emitted from a radiator of tin, but the fastest 
of those* emitted from any radiator whatsoever when the* tin 
X-rays an* incident upon that radiator. 

It will be obscived that. (223) provides a third method of 
defining the quality of a given beam of homogeneous X-rays. 
We may define it not only by the values of \ m and \V ’ the atomic 
weight of the element of which the rays are characteristic, but 
also by v„. The last method is theoretically much the most 
satisfactory, for it does not depend on the properties of any 
material body. 

The number of electrons emitted per second by a beam of 
X-rays or 7 - rays of given intensity increases very greatly when 
the hardness of those rays is increased from that just insufficient 
to excite the characteristic secondary radiation in the radiator to 
that just sufficient to excite that radiation. But it must be 
remembered that the maximum velocity of the electrons does not 
change especially rapidly at this point ; it changes by the same 
amount over the same range of hardness of the primary rays 
whether or no that range includes the radiation characteristic of 
the radiator. 

Even when the ratio of the secondary / 3 -rays to the incident- 
rays is a maximum, the number of electrons emitted from a given 
mass of material by the most powerful rays we can produce is 
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very much loss than (not more than ono-millionth of) the number 
of atoms over which the rays have passed. The rays never cause 
nearly every atom subject to their influence to emit a secondary 
/3-ray. 

If the radiator has the form of a thin sheet through which the 
exciting rays pass normally the number of emergence secondary 
/3-rays is much greater than that of the incidence. The ratio 
of the number of the emergence to the incidence rays increases 
as the atomic weight of the radiator decreases and as the hardness 
of the exciting rays increases, it may vary from 1 to 40 under 
actual experimental conditions. But the value of p* appears to be 
the same for incidence and (‘mergence' rays. 

So far as is known, the velocity of the secondary / 3 -rays, like 
all the quantities determining the action of X-rays and 7 -rays 
on matter, is independent of the temperature. 

There is a remarkable relation between the velocity of the 
secondary /3-rays excited by X-rays from a discharge tube and 
that of the kathode rays which are tailing on the anti-kathode 
of that tube and so causing the emission of those X-rays. It has 
long been known that the hardness of the rays emitted by an 
X-ray tube increases with the velocity of the kathode rays 111 that 
tube 1 . Whiddington has shown that, if v p is the least velocity of 
the kathode rays in the discharge tube which, falling on any anti- 
kathode, will give rise to X-rays hard enough to excite the 
characteristic X-radiation of an element of atomic weight W 
( K series), then the relation between r p and W is again (228) and 
that, within the limits of experimental error, the constant k has 
the same value as 111 (223). Now the softest radiation which will 
excite the characteristic radiation is that which is just harder than 
that characteristic radiation; accordingly the remarkable fact 
appears that the slowest kathode rays which will excite a given 
X-radiation are the fastest rays which that X-radiation can excite 
when it falls on another body. To put the matter another way, 

1 It was first discovered that the hardness of the rays increased as the gas 
pressure in the tube was decreased, the apparatus driving the discharge through it 
remaining the same. It is now known that this variation with the pressure is due 
to the fact that when the pressure is high a larger current flows through the tube 
so that the potential difference between the electrodes (which determines the speed 
of the kathode lays) is less. 
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the fastest kathode rays in the tube emitting the X-rays have 
the same speed as the fastest secondary /3-rays excited by those 
X-rays. 

It is probable that, a similar relation holds in the ease of 
7-rays, the /3-rays which are emitted at the same time as the 
7- rays corresponding to the kathode rays exciting the X-rays. 
The speed of the fastest secondary /3-rays excited by the 7-rays 
appears to be the same as that of the /3-rays emitted by the source 
of the 7-rays. The evidence in this case is not quite so complete 
partly on account of experimental difficulties and partly because 
it is impossible to procure homogeneous 7-rays. 

Two other similarities between the emission of secondary 
/3-rays by X-rays and the emission of X-rays by kathode rays 
must be noted. If those kathode rays fell on an anti-kathode so 
thin as to cause little; absorption in the X-rays excited, the amount 
of X-rays emerging in the direction in which the kathode rays 
travel is greater than that emitted 111 the opposite direction. The 
relation between the direction and the intensity of the X-rays 
excited by kathode rays is the same as that between the* direction 
and the intensity of the /3-rays excited by X-rays. 

Again the amount of X-rays excited in a given anti-kathode 
by a given number of kathode rays increases very rapidly when 
the velocity of those rays becomes just groat enough to excite 
the radiation characteristic of that anti-kathode ; just as X-rays 
excite an abnormally large number of /3-rays of velocity v 8 when 
v s is the value characteristic of the element on which they act, so 
/3-rays of velocity excite an abnormally large number of X-rays 
when the same condition is fulfilled. 

108 . The existence of these secondary /3-rays raises a very 
Absorption interesting question. It has been said that X-rays 
and ionisation. an( j ,y_ ra y S produce ionisation in gases and cause the 
emission of secondary and scattered X- or 7-rays. But now we 
know that these rays produce secondary /3-rays, and we also know 
that such /3-rays can produce ionisation in a gas and, when they 
strike on any material body (as in the case of the anti-kathode of 
a discharge tube), cause the emission of X-rays. Are then the 
effects which we have attributed to the X-rays a direct effect 
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of these rays or do they merely represent the action of the / 3 -rays 
excited by these rays ? 

If it had been known that the X-rays produced / 3 -rays before 
it was known that they produced ionisation and secondary X-rays, 
it would probably never have been doubted that the effects 
apparently due to the X-rays were immediately due to the /3-rays 
which they product 4 . But as the order of discovery was reversed, 
and as some people find difficulty in abandoning a belief even 
when the grounds on which they originally founded it have 1 been 
removed, there has been some discussion of the question, to which 
a few words must be devoted. 

Let us consider the ionisation first. The question might be 
settled definitely by determining the amount of / 3 -rays excited by 
a beam of X-rays and the amount of ionisation produced by those 
/ 3 -rays and examining whether the amount of ionisation so 
produced is equal to the amount produced by the X-rays. Bragg’s 
experiments in this direction are completely in accordance with 
the vieV that all the ionisation is dm* to the /3-rays excited hy the 
X-rays in the walls of the ionisation chamber and in the gas 
itself 1 . But the experiments are difficult and not completely 
conclusive. The /3-rays excited by the hardest X-rays which can 
he obtained have a velocity so low that they are completely 
absorbed in a few millimetres of air, and the determination of 
their absorption coefficient in the gas and the walls of the vessel, 
which enters into the calculation, is a matter of great difficulty. 
The experiments can apparently be reconciled with the opposite 
view that there is some ionisation produced directly by the 
X-rays. 

Support for the view th.it the ionisation is all due to the 
secondary / 3 -rays may be derived from a study of tin* ionisation of 
different gases. The ratio of the amounts of ionisation produced in 
two gases by the same beam of rays (the total absorption of the 
rays by the gases being small) depends on the nature of* the rays; 
it is different for the same two gases according as the rays are 
a- rays or /3-rays. But it is exactly the same for / 3 -rays and 7 -rays, 
so that it is probable that the actual ionising agent is the same 

1 The secondary /3-iays excited in a gas have never been observed directly, but 
there is plenty of indirect evidence that such rays are excited in gases as in solids. 
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whether the* rays directly incident on the ionisation chamber are 
/3-rays or 7-rays. On the other hand experiments in which the 
ionisation chamber is placed in a strong magnetic field have been 
used to support the contrary view ; it has been argued that if the 
ionisation is due to /3-rays from the walls (the effect of the /3-rays 
excited m the gas may be* neglected if the gas is light and the 
rays hard), it should be reduced to zero if the chamber is placed in 
a magnetic field strong enough to ‘curl up’ the paths of the 
/3-rays and prevent them traversing the gas. But this argument 
may be answered by pointing out that there is no evidence that 
there is such a field ; the magnetic field alters the direction of 
the paths of the /3-rays, but there is no reason for thinking that 
it can reduce the path of the rays in the gas to zero. 

But the question has been definitely settled by the beautiful 
experiments of (-. T. R. Wilson in which the tracks of ionising 
rays through a gas art* made visible (p. 170). When the gas is 
ionised by X-rays the ions are not found to be distributed more or 
less uniformly through the gas, as they would be if they were 
produced directly by the X-rays, but are concentrated along a 
large number of fine irregularly curved lines, which resemble 
exactly the paths which such soft /3-rays as are excited would be 
expected to follow. The space between the lines is wholly free 
from ions. The lines start suddenly where the /3-ray is produced 
m the gas and the irregular changes of direction are doubtless due 
to tin* scattering of those /3-rays, which would be peculiarly 
intense in the case of such slow rays. The length of the lines 
agrees well with the value, determined from experiments on 
absorption, of the distance which these /3-rays are able to travel 
in the gas. 

The ionisation produced by X-rays is, then, due entirely to the 
secondary /3-rays which they excite. It is much more difficult to 
determine whether the secondary X-radiation is due to the impact 
of the ,8-rays on the substance in which they are excited, or 
whether it is due to a direct action of the original X-rays on the 
atoms of the substance. There is no conclusive experimental 
evidence in favour of the first view, but there is no evidence 
of any kind against it. The secondary /3-rays must produce some 
characteristic secondary X-rays, for they are precisely similar to 
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the kathode rays which produce such X-rays when they strike the 
same substance in a discharge tube . then' is no reason for believing 
that they do not produce all. Perhaps the best evidence for this 
view is to be based on the difference between the scattered and 
the secondary X-radiation in the matter of polarisation , the* 
former is polarised in a way that depends on the incident radiation 
and therefore, whatever view is taken of the nature of that 
polarisation, probably represents the direct action of the incident 
radiation. The* secondary radiation is unpolansed and it is 
accordingly likely that it is not produced directly by the primary, 
but through some intermediate process which destroys the relation 
between directed (juantities m the primary and the secondary, 
such Jin intermediate process would be provided by the liberation 
of the secondary /3-rays. 

Apart from any questions of theory the facts that have been 
described enable order to bo introduced into the* very complicated 
results of measurements of the absorption of tin' X-rays. Suppose 
that a-narrow pencil of X-rays is allowed to fall on a thin layer of 
absorbing material and the ratio of the energy of that part of the 
emeigent rays which is included m the same pencil as the incident 
rays to the energy of those incident rays is measured. The energ) 
of the emergent pencil w r i 1 1 be less than that of tin* incident 
because energy has been subtracted from tin* incident rays by 
scattering and by the emission of secondary /3- and X-rays, tin* 
energy of the secondary /3-rays is truly absorbed in the layer b) 
producing ionisation in it (unless, as is probable, a considerable 
part of it is converted into secondary X-radiation), while the 
energy of the scattered and secondary X -radiation is distributed 
almost uniformly round the radiator, so that only an inappreciable 
fraction of it enters the measuring chamber. The fraction of the 
incident energy which appears to be ‘absorbed’ is that which is 
transformed into these three forms of radiation, and the absorption 
coefficient would be more accurately regarded as a transformation 
coefficient of the energy from its original to its derived form. The 
rate of transformation into scattered radiation by unit mass of 
the substance increases regularly wuth the atomic weight of the 
substance and the softness of the rays, but we have seen that the 
rate of transformation into secondary /3- and X-rays is a maximum 
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when the incident radiation is just harder than the secondary 
X-radiation characteristic of the substance. Accordingly, we 
should expect that, while the absorption would generally increase 
with the atomic weight of the absorber and decrease with the 
hardness of the rays, a sudden increase in the absorption should 
occur when this condition is fulfilled. Some of the experimental 
facts are given in Table X, in which the first column gives the 
kind of rays (i.e. the elements of which they form the characteristic 
rays of the K series), the remaining columns the values of \ u , for 
these rays in the absorbing material stated at the head of the column. 


TABLE X. 


Absorber 


Rays 

c 

A 1 

Fe 

Cu 

Zn 

Ak 

(!r 

I.V3 

130 

103*8 

113 

170*5 

580*5 

Fo 

10*1 

88*5 

06 1 

95*1 

112 5 

381 

Cu 

5* 22 

47 7 

208 

53*0 

00*9 

21 1 

Z 11 

4 20 

39*4 

221 

53*5 

50*1 

175 

St* 

2*04 

18 9 

110 3 

149*8 

174*0 

87 ‘5 

A(! 

•41 

2 -r> 

17*4 

24 3 

27*1 

13*3 


A vertical column read downwards gives the absorption of a single 
material for rays of increasing hardness (measured in aluminium), 
i.e. rays characterised by increasing values of v „ ; a horizontal row 
read from left to right gives the absorption of the same rays 111 
materials of increasing atomic weight. It will be observed that 
the numbers in the columns decrease regularly except at the point 
where the rays become capable of exciting the characteristic radia- 
tion in the absorber ; then they increase rapidly, so that the harder 
rays art 1 sometimes absorbed more than the softer. In a horizontal 
row the figures increase more regularly, but there is a remarkable 
minimum when the absorber is such that the rays just can not 
excite the characteristic radiation in it, followed by a rapid 
increase; the rate of transformation into secondary / 3 -rays appears 
to be especially small just before the sudden increase in its value. 
It may be observed that if the ratio of the figures in successive 
columns for the various rays is taken it is found that this ratio is 
constant so long as the rays are not able to excite the characteristic 
radiation in the absorber. Thus for all rays which fulfil this 
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condition the value of X, n in aluminium is about 9 times that 
in carbon. We shall refer to this result later. 


109 . Throughout this chapter less is said of the 7-rays than 
The origin of of the X-rays, chiefly because they differ from 
y-rays. very hard X-rays only by being more difficult to 

investigate experimentally. But a few words must be said about 
a very interesting theory of the origin of the y-rays which has 
been based by Rutherford on the consideration of the' characteristic 
secondary X-radiation. 

Apparently all radioactive bodies which emit /3-rays also emit 
y-rays, but there is no simple relation between the quantity or 
the hardness of the y-rays emitted and the velocity of the /3-rays, 
It is found that the /3-rays of those substances which emit a large 
quantity of y-rays are not homogeneous in velocity, but can be 
divided into a considerable number of groups (often more than 20) 
each of which is homogeneous. Now, since it appears that when 
a radioactive atom breaks up it emits never more than two /3-rays 
and usually only one, it is unlikely that these /3-rays were originally 
ejected with different velocities: it is far more probable that they 
were originally homogeneous and have subsequently suffered 
different losses of energy. Rutherford suggests that they have 
lost energy by exciting the characteristic radiation of the atoms 
from which they were ejected and that it is the radiation which 
forms the y-rays ; for it has been shown by direct experiment that 
0-rays excite y-rays in solid substances on which they strike, just 
as kathode rays excite X-rays. 

Evidence for this view may be derived from the fact that the 
hardness of the y-rays is very approximately that predicted for the 
characteristic radiation of such radioactive elements by extrapo- 
lating Barkla’s results to elements of great atomic weight. Further, 
at least in one case, the difference between the energy of the 
fastest group of /8-rays and that of any other can be accurately 
expressed by pE x + ^E^ where p and q are integers, and E 1 
and Z? 2 are not very different from the values obtained from (223) 
and (224) for the energy which must be spent by a /3-ray in order to 
excite the X-ray of series K or L characteristic of the radioactive 
atom. This relation is immediately explained if the groups of 

18 


C. E. T. 
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slower lays are those* which have lost, energy by exciting p X-rays 
of series K and 7 of senes L The theory is very convincing and, 
though it does not yet explain arcmately all tin* facts, it is 
certainly substantially correct. It is of great theoretical import- 
ance, tor it would show that a /i-rny does not always lost* all its 
energy, but sometimes only part, when it excites a 7-1 ay 

It. has also been announced that 7-1 ays ha\e been excited by 
the impact of a-ia\s and not only /if-iays, on other substances. 
This result, if it is substantiated, is again of \ery great theoretical 
importance. 

110. The facts which ha\e heen enumerated so far can be 
stated unite satisfactorily without any theory of the 

The Stokes- 1 " , v . 

Wiechei t nature of A-ruvs and 7-1 ays , tin* consideiation ol 

1 Cv y other important facts can onl> l>e based on some 

theory. We shall now consider the most impoitant of these 
theories. 

The first plausible suggestion as to the* nature of X-rays was 
made simultaneously by Stokes and Wiechert ; it was developed 
further by J. J. Thomson and in very great detail by Sommerfeld, 
who still maintains that in the form he has given toil it is capable 
of a satisfactory explanation of the facts. The theory states that 
X-rays differ from light only in the nature of the disturbance of 
which they consist and that the Maxwellian theory of light is 
fundamentally correct. X-rays, like light, are supposed to consist 
of transverse disturbances propagated along Faraday lines, the 
disturbances are generated by the impacts of the electrons con- 
stituting the kathode rays on the atoms of the anti-kathode which 
they strike. 

Hitherto we have merely noted the fact that, according to 
Faraday’s theory, any change in the motion of a charged body 
must result in disturbances propagated along the lines of force 
attached to it, and have made no attempt to calculate a relation 
between the change of motion and the consequent disturbance. 
Such a relation can be obtained from the fundamental equations 
of Chapter I ; a change in the value of v will determine from (9) a 
change in II, which will again determine from (6) a change in I); 
the distribution of the vectors D and H which represent the state 
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of the Faraday lines will be different when the charge is accelerated 
from that which obtains when it is unaccelerated, and the accelera- 
tion will result in a distortion of those lines. 13ut the calculations 
based on these equations are difficult and they raise some very 
important and perplexing questions which will be discussed in 
the last chapter A treatment of the matter has been given by 
J. J. Thomson, which, though not rigid, brings out more clearly 
thi* physical principles involved. 

In Fig 3 suppose that an electron is moving along the line 
X() with a velocity ff ', which is small compart'd with that of light. 
When it reaches the point O let it lie subjected to a retardation 



which brings it to rest at the point O'. The Faraday lines are 
flexible and they possess mass when they move at right angles to 
their length; consequently the parts of them remote from the 
electron will not stop immediately the electron is stopped, but will 
continue to move in that direction. But since their ends are 
attached to the electron, this motion will cause a distortion of the 
parts near the electron and they will be no longer in equilibrium 
under the forces acting on them; new forces will arise which will 
ultimately bring them into positions in which they are in equi- 
librium with regard to the electron after it has been stopped , a 

18—2 
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disturbance will travel out along the lines bringing them into 
this new position and this disturbance, like all others travelling 
along Faraday lines, will travel with the velocity of light. 

Consider then the distribution of the lines at a time t after the 
electron has been brought to rest at O'. If a sphere of radius r = ct 
is drawn about O', the disturbance will have reached all the lines 
within this sphere, and these parts will have assumed the final 
position of equilibrium, being uniformly distributed about O'. On 
the other hand, if r is the time between the electron reaching 0 
and being reduced to rest at O', the parts of the lines outside a 
sphere of radius c (t + t ) drawn about 0, will be in the positions 
which they would have occupied if the electron had not been 
stopped but had continued to move uniformly ; for an observer in 
the region outside this sphere could not be aware that anything 
had happened at 0, for news of what happened at 0 could only 
reach him 1 with the velocity c. But if the electron had continued 
to move uniformly, the lines would have been uniformly distributed 
about 0", where 00" - wt. Accordingly the distribution of the 
Faraday lines will resemble that shown by the thick lines in the 
figure. The disturbance due to the stoppage of the electron will 
be contained between the two spheres ; the precise form of the 
lines in this region cannot be predicted, but it is clear that they 
will have a component tangential to the surface of the sphere ; 
our calculations would not be affected if we assumed any other 
form for them than that shown in the figure. 

Let us now calculate the value of the electric displacement 
and the magnetic intensity in the region covered by the disturb- 
ance. If 00' is very small compared with PP' (i.e. \wr small 
compared to ct) we may regard the spheres as concentric and the 
region of disturbance as a spherical shell of thickness 8 = PP' = ct 
drawn about O'. The electric displacement in any direction is 

1 We might bo inclined at first sight to argue that, since the news of what 
happens at O is conveyed along the Faraday lines, the sphere of radius c(f-fr), 
beyond whioh the news has not reached, ought to be drawn about O' or O" rather 
than about 0. It will be seen in the last chapter why this deduction, which seems 
a natural consequence of the conception of Faraday lines, has not been preferred to 
that drawn from the principle that an observer distant r from O cannot be aware 
of what happened at O before a time r/c has elapsed. If the sphere had been drawn 
about 0" this principle would have been abandoned. 
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equal to the number of lines passing through unit area perpen- 
dicular to that direction. The lines which pass through that 
portion of a plane QQ' contained in the spherical shell and of a 
length q perpendicular to the paper arc clearly those which within 
the sphere are contained between two planes perpendicular to the 
paper passing through O'P and O'Q. If the angle between these 
last planes is d@, we must have rdO = wt sin 0 , since 
PQ = 00" sin 6 and 00" = wt ; 


w 


but r = ct so that d0 = - sin 0. 

c 


But the laws of electrostatics 
show that the number of lines contained in the angle d6 is 


4 r s ( l r d& an d the area of the plane through which they pass is 

Bq] consequently D v , the electric displacement perpendicular to 
QQ' and tangential to the shell, is given by 

= ew shl 6 
4tt7'cB 

The electric displacement, D along QQ' normal to the shell, is, 

of course, ^ V, * Hence 1 0 P /J) il = i . If we consider only 

distances from the electron which are large compared with 8, tin; 
thickness of the shell, D h is negligible compared with D p , and we 
may regard the disturbance as consisting of an electric displace- 
ment 1) — D p , tangential to the shell, travelling outwards with the 
velocity c. But these lines travelling at right angles to their 
length will produce a magnetic intensity II, perpendicular to the 
plane of the paper, where 

( 220 ). 


H = iirDc — 


rS 


] 


The energy in unit volume of the shell is 2nD’ 1 + 1I ! : 

o7TC~ 


hence 


it can be shown immediately that the energy of the shell contained 
within a cone of solid angle da), the axis of which makes an angle 0 
with 00", is 


dco = 


^ w i sin 
4-ttc-S 


*0 


do). 


■(227), 
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and the energy contained in the whole shell is 


S 


2 t[w- 

8 c-8 


(228). 


According to the Stokes-Wiechert theory, X-rays consist of such 
‘pulses,’ in the foim of sphei'ical shells in which the electric and 
magnetic intensifies are tangential, travelling out with the velocity 
of light from the place, where the electrons of the kathode rays aie 
stopped, but before we consider the evidence for this theory, we 
must develop!' further the formulae which have been obtained. 


111 . 


Radiation 
from an 
electron 


Since f is the retardation which brings the electron 
with velocity w to rest m time r, we must have, w - fr ; 
hence, since B—cr } we may write (225), (22b), (227), 
(228) respectively 


e/sin 0 

47r/’C“ 

(229), 

t/sin 0 

(280), 

rc 

€ * ft 

sin* 0 . t 

(231), 

4ttc' 

2 

8 r T 

(232). 


The amount of energy S is radiated in a t ime r, so that the energy 
radiated per second is given by 

(233). 


Now' the question arises whether this relation will hold when the 
electron is not brought to rest, but only has its velocity decreased 
by an infinitesimal amount div in an infinitesimal time dt, so that 

^ is still equal to f If we attempt to answer this question by 

considering, as we have done, the motion of the Faraday lines, w r e 
meet a grave difficulty. If the electron is not brought to rest at 
O' but continues its motion, reaching 0 1 at the time t when the 
observation is made at P , the arguments which have been given 
would seem to show that the whole system of lines would have 
moved some distance to the right ; there would still be a disturbance 
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at P, but it would be propagated along the line O^P and not 
OP, and the time at which it would reach P would be O x Pjv 
and not OPjc. It would seem therefore that our calculations 
would be altered. These considerations undoubtedly introduce 1 a 
difficulty into our conception of Faraday lines which will be con- 
sidered in the last chapter, but more rigid methods of calculation 
show that we may take (233) as giving generally the rate at which 
energy is radiated by an ('lection which is subject to any accelera- 
tion f It should be noted that the energy radiated by an electron 
depends only on the magnitude and not on the direction of/*; an 
electron will radiate in just, the same way when it is started or 
accelerated as when it is stopped or retarded 

The formulae which have been developed so far arc' all based 
on the assumption that the velocity of the accelerated electron is 
always small compart'd with that of light. This condition is not 
fulfilled in many of the cast's we sha.ll have to consider. If w is 
comparable with r our theory will be incorrect for two reasons; 
firstly 00 ' will not be small compared with PP\ so that the 
region in which the disturbance is contained can no longei be 
considered a spherical shell, but will have the form shown in the 
figure, being thinner on the side towards which the electron is 
moving; secondly we have seen reason (p. 173) to believe that our 
fundamental electromagnetic equations are not applicable in 'their 
present form to electrons moving with such velocities. We are 
not yet in a position to consider the second source of error, so that 
the result which is in accordance with modern theory will be 
simply quoted. It is that the energy emitted in a cone of angle 
day, the axis of which makes an angle 0 with the motion of the 
electron, in the time during which the acceleration f acts is 
8 e dco, where 


€\f sin- 0 
1 i)TTC 2 cos 6 


(. . 1 
V( i — 7 cos 6y 


(234) 


and 7 = w/c. It will be seen that, since S = ct, w=Jt, (234) 
becomes identical with (227) wdien 7 = 0 . The whole energy 
emitted during the same time is 


8 


2 ff 7 

3c* (1-7)- 


(235). 
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As an illustration of these results we may apply them to the 
radiation of light, assuming that in this case wfc is so small that 
we can use (229-288). If the electron emitting the light is 
vibrating harmonically with a frequency v , so that its motion is 
given by 

x — A sin 27 rvt, 

then /= — 47 rv' 2 A sin 2iri >t and the energy emitted by it during a 

single period, occupying a time l jv, is ^ . The whole 

energy of the vibrating electron is \ m 0 . 4t7r 2 v 2 A~, so that the 
fraction of it radiated in a single period is 

U — 2 '> 

^ . v = 10~ 30 x 5*8 x 10 17 x 4*7 x 10" 10 i;= 2*5 x 10~-v. 

In the case of the radiations which we are able to recognise as 
light v is never greater than 4 x 10 1B , so that the fraction of the 
energy radiated in a single period is very small and the electron 
will be able to execute a large number of vibrations before its 
energy is sensibly decreased. In other words, the damping of the 
vibrations by the emission of energy radiation is very small and 
our assumption that an electron is able to emit long trains of 
practically undamped vibrations is justified. 

On the other hand, if the retardation to which the electron is 
subjected is very much more intense than in the case just con- 
sidered, a considerable fraction of its energy may be emitted in 
the form of radiation and not given up to the system producing 
the retarding forces. Returning to (228), we see that the whole of 
the kinetic energy of the electron will be converted into radiation 
if S, the distance in which it is reduced to rest, is such that 

2 <5- w - 

^ ^rg = J w 0 M ,a (286). 

Using the known values of e/m 0 and e, it appears that in this case 
8 = 4 x 10 1S cm. But what will happen if S is less than this 
distance ; the election cannot radiate more energy than it pos- 
sesses In § 61 we came to the conclusion that a, the ‘radius of 
an electron/ that is the radius of the sphere outside which an 
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electron behaves as a point charge, cannot be less than that given 
by the relation 


2 e* 

3 ac~ 




.(237). 


If we assume that a has the value given by (237) and substitute 

for m 0 in (236) the quantity ^ > we see that (236) states that 

the electron will radiate all its energy if it is stopped in a distance 
equal to twice its radius. This statement must not be interpreted 
tup literally, for we do not know exactly what the radius of an 
electron means ; we have no definite knowledge that the electron 
behaves as a point charge outside a certain sphere and as an 
uncharged body within it. But at least we may conclude that, 
for distances comparable with a, calculations based on the 
assumption that the electron behaves as a point charge are invalid 
and that, therefore, there is no reason to fear that (228) will ever 
lead 4o the conclusion that an electron suddenly stopped will 
radiate more energy than it possesses. 

The loss of energy by a retarded electron owing to radiation 
will, of course, affect its motion in a given field of force, we are 
not strictly justified in assuming that the acceleration of an 
election in a field of electric intensity X is always eX j/rt 0 , what- 
ever the value of A" ; but so long as the value of X is such that 

iq'y , the distance in which, according to the ordinary theory, the 


electron vvould be brought to rest, is large compared with a, the 
radius of an electron, calculations of the motion of the electron 
which neglect the loss of energy by radiation will be practically 
correct. All the cases in which we have considered hitherto the 
motion of an electron fulfil this condition. 

When the radiation from one electron falls on another at a 
distance r in a direction 0 this electron will be subject to an 
acceleration 


/.= 


47 re I) __ e'-’/sm 6 
in 0 rn 0 rc 2 


(238). 


As a consequence of this acceleration, the second electron will emit 
radiation in its turn ; the quantities determining this radiation 
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(which will be distinguished by the suffix 1) may be found by 
substituting in (229-288) the values of/,, 0 X , r x ; 0 X is the angle 
between the direction of the excited radiation and the electric 
displacement in the exciting radiation. Since / is always pro- 
portional to / the relation between /I, and t in the excited 
radiation will be the same* as that between D and t in the exciting 
radiation ; consequently the two radiations will have the same 
quality and the excited radiation may be termed ‘scattered.’ An 
example of such scattered radiation is to be found when light falls 
on a turbid medium and causes accelerations m the electrons 
contained in its particles, if the particles are separated by dis- 
tances small compared with the wave-length of the light, the 
scattering becomes regular refraction, but tin* phenomenon is 
complicated by the fact that the electrons are subject to forces 
other than those due to the radiation, namely those determining 
their free periods. 

The scattered radiation will Ik* polarised, for it can be seen 
that tin* electric displacements in the incident and scattered 
beams must lu* in tin* same plane, they an* also perpendicular 
respectively to tin* direction of those* rays. Accordingly, if the 
plane of polarisation is identified with that perpendicular to 
the electric displacement, it contains the incident and scattered 
beams. Tin* intensity of the scattered radiation about a given 
incident beam is proportional to sin 2 0,. If the scattered ray has 

the same direction as the incident, 0 X — ^ and sin 2 0 X = 1 ; if the 

scattered ray is perpendicular to the incident, 6 X will vary 
from 0 to if / 2 with the plane of polarisation of the incident 
beam. If this beam is unpolarised the average value of sin 2 0, 
will be A. 

The velocity w x which the electron acquires under the influence 
of the radiation falling upon it is given by w x =jf x dt. If the 
original radiation is that obtained by stopping completely an 
electron moving originally with a velocity w, we have 


e 2 sin 0 f r . , 
1 = . fat 

m 0 rc- Jo 


€ 2 Sill 0 
m Q rc 2 


w 


(289). 


Hence if E is the initial kinetic energy of the electron which 
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emitted the radiation, E x the final kinetic energy of the electron 
on which that radiation acts, 


_ t 4 sin 2 8 
E w- w 0 V- c* 4 


(240). 


Hitherto we have neglected to observe that tin' radiation con- 
sists of a magnetic intensity as well as of an electric displacement. 
As soon as the electron lias acquired energy from the electric 
displacement the direction of its motion will be deflected by the 
magnetic intensity , but, since the foice due to this action is always 
perpendicular to the direction of its motion, the* energy of the 
electron will not be increased. A consideration of the* direction of 
the electric displacement and the magnetic intensity will show that 
the force due to the magnetic intensity acts in the direction of the 
propagation of the radiation, so that the motion of the electron has 
a component in the direction of the propagation. From (18-20) 
it can be easily deduced that, if the radiation acts for a tune t 
small compared with 1 /&> = c 1 ! H . mje, the ratio of the component 
of the velocity in tin* direction of the radiation to that in the 
direction of the electric displacement is A a>t. 

This tendency of the electrons when they are ahsoibing radiation 
to move in the directum of the propagation of that radiation 
represents the effect of what is usually termed the ‘ pressure of 
radiation ’ The existence of such a pressure can be predicted 
from considerations much more general than those advanced hero, 
which show that the pressure is a necessary consequence of the 
absorption of any form of radiation which conveys energy It 
appears also that our fundamental conception of radiation as 
propagated along Faraday lines of force leads to tins same con- 
clusion ; for a disturbance propagated along such lines may be 
regarded, as we have seen, as a set of lines superimposed 
on the* undisturbed lines, travelling out along them with the 
velocity of the disturbance. Now these lines possess mass and, 
consequently, they must carry momentum as well as energy; 
when they are absorbed and disappear the body which absorbs 
them must receive their momentum as well as their energy 
and so tend to move in the direction of the propagation of 
the light. 
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112. We have now developed sufficiently the theory of the 
„ . radiation from an accelerated charged body; let 

Comparison # # 0 

with us compare with experiment the Stokes- Wiechert 

exi.e..ment, hypothesis that the X-rays consist of such radiation 
emitted by the kathode rays when they are stopped at the anti- 
kathode. Before we undertake this comparison, a further question 
must be decided. A beam of X-rays is characterised not only by 
its intensity, but also by its hardness and polarisation ; what 
are the circumstances in the disturbance which determine these 
characteristics ? 

In the case of polarisation the question is easily answered ; 
the plane of polarisation of the X-rays, like that of light, must be 
considered to be perpendicular to the electric displacement m the 
disturbance. Accordingly in the simple case shown in Fig. 5 the 
plane of polarisation ought to be perpendicular to that containing 
the motion of the electron and the X-ray which it emits. It has 
been stated that the X-rays emitted by kathode rays are partially 
polarised in this manner; that they are not completely pofansed 
is doubtless due to the fact that the direction of the motion of the 
electrons is not always that of the kathode stream. /2-rays or 
kathode rays are not stopped immediately they fall on a solid 
body, they are rather scattered. The acceleration to winch an 
electron is subjected in being deflected will, of course, cause it to 
emit radiation, but, even at the first deflection, this acceleration 
will not be exactly in the direction of its original motion and after 
it has been deflected several times it will bear no relation to that 
direction 1 . 

It is always assumed that the hardness of an X-ray is deter- 
mined by 8, the thickness of the pulse of which it consists, and 
that the thinner the pulse the harder the ray. This assumption 
is obviously based upon the theory of light in which the wave- 
length is a quantity of the same nature as the thickness of a pulse. 
If X-rays are like light at all, they must obviously be like light of 

1 It will be observed that it is left undecided whether the plane of polarisation 
is determined lv\ the dueetion of the acceptation or of the original motion of the 
election. Since the electne displacement is in the same direction throughout the 
pulse only when these directions coincide, it is only in this case that the plane of 
polarisation can be defined. 
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very short wave-length rather than very long, if only because 
there are no considerable gaps in our knowledge of light of long 
wave-length ; we know all about light of which the wave-length 
lies between a small fraction of a millimetre and several kilo- 
metres, and no light in this region resembles X-rays m the least. 
Oil the other hand there is a definite inferior limit to the wave- 
length of light of which we know anything. Now hard X-rays are 
less like light than soft X-rays ; they can penetrate a greater thick- 
ness of opaque matter; so that if soft X-rays differ from light m 
being characterised by a shoiter length, hard rays must be charac- 
terised by one still shorter. At the present time other arguments 
which will appear incidentally to our discussion could bo used to 
support this assumption, but the arguments given appear to be 
those on which it was originally put forward and accepted. 

Accordingly, if the velocity of the* electron is comparable with 
that of light, Fig. 5 shows that the 1 hardness of the rays emitted 
by it should vary with the direction of emission and that the 
hardest rays should be those sent in the direction of its velocity, 
for the distance between the spheres is least in this direction. 
Such experimental evidence as there is appears to be in accordance 
with this conclusion. 

A direct test of this theory of X-rays could be carried out if 
experiments were made oil the variation of the energy of the T , rays 
with 0, w, and /. Unfortunately we have no direct knowledge of 
f } so that experiment and theory cannot be compared without 
making more or less arbitrary assumptions concerning this quantity. 
All that can be said at the present time is that no experiments on 
the average distribution of energy round kathode rays striking an 
anti-kathode with known velocities are certainly in conflict with 
(234); in many cases the assumptions concerning f which are 
necessary to make experiment and theory agree are so plausible 
that the theory may be said to be confirmed by the experiments. 

If it is assumed that / is in the direction of w, then (234) 
states a relation between S g and 0 which is independent of the 
magnitude of / and depends only on 7 . It appears that S 9 should 
be zero when 0=0 and be a maximum for some value of 0 (deter- 
mined by 7 ) less than 7 r/ 2 . As 7 increases the value of 0 for this 
maximum decreases and a greater proportion of the rays is sent 
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forwards, i.e. in the direction of the motion of the electron, and at 
the same time the sharpness of the maximum increases, until, 
when 7 = ODD, practically all the energy of the rays is contained 
between 0 = 2° and 0=10°. This prediction agrees qualitatively 
with experiment ; it would probably be accurately true if we could 
measure only the polarised part of the beam, which is that given 
out when /'and tv are in the same direction 

In order to obtain a relation between >S', the whole energy of 
the radiation which is omitted, and A T , the original eneigy of the 
accelerated election, the assumption has usually been made that 
the distance over which the acceleration lasts, is independent of 
the velocity; it then appears that 

- - -I-- (*241). 

V L — 7“ 

Accordingly the ratio of the energy of the X-rays to that of the 
kathode rays which excite them should increase with the speed of 
the latter. Such an increase is indicated by experiment, but 
(241) cannot be accurately true, for we have noted that the 
amount of X-rays emitted by a stream of kathode rays increases 
very rapidly when the energy of those rays becomes just sufficient 
to cause the emission of the radiation characteristic of the anti- 
kathode A better agreement of (241) with experiment is found, 
if that formula is applied to the emission of 7-rays and it is 
assumed that these rays are produced by the sudden starting 
of the /3-rays from the atoms of the radioactive substance, just as 
the X-rays are produced by the sudden stopping of the kathode 
rays. If for 7- rays we use the experimentally determined values 
of S/K to calculate l from (241), it is found that l lies between 

x 10- 1 ' cm. (7 = 0-78) and 10~ 1J cm. (7 = 0D5). 

All that we can say of this result is that it is not necessarily 
inconsistent with the theory; we should expect, as we find, that 
l would turn out to be less than the diameter of an atom, but 
perhaps we should have expected it not to be so very greatly less. 
The basis of the assumption that l is constant was the idea that 
it must be the distance over which an atom exerts appreciable 
forces. 
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Another interesting assumption, suggested by Planck’s theory 
of radiation, has been considered by Sommerfeld. The quantity 
h which, according to that theory, is constant for all forms of 
radiation has the dimensions (energy) x (time) ; Sommerfeld 
suggests that in the ease of X- or 7- radiation the quantity which 
is constant for ail velocities of the electron is the time integral of 

its energy during the process of acceleration, i.e. / Edt. If we 

J 0 

call this integral //, we find 


S/E = 


2t 2 y 2 


3c7/ (1 — 7~) ( 1 — V L — 7^) 


.(242), 


and the experiments on 7-rays indicate that It lies between 
2*4 x 1()~- 7 and l I x 10“- s . 


The order of these quantities is that of the It involved m Planck’s 
theory (() 5 x Jf wo use this value of It in (242), the 

calculated values of S/E do not differ from the experimental 
values of this ratio by more than can be attnbuted to the un- 
certainty of the observations. 

S, the thickness of the pulse, is determined by l and w. 
According to our simple theory S = cr, 1 = k iut, so that 

g __ 2/c ___ 21 
w 7 ’ 

but if 7 is not veiy small, & is not constant over the whole pulse 
and our calculations need revision 111 this and other respects. It 
is found that if S m is the mean thickness of the pulse 

= l -- 7 (243). 

7 

From (243) and the values of l obtained above, we find that 8 m 
lies between 3 x 10 -9 for hard X-rays and 5 x 10“ 19 for hard 
7-rays. All these results are obtained oil the assumption that 
the /2-ray is completely stopped when it emits X-rays, but they 
would not be greatly changed if it is merely deflected through 
a large angle in place of being stopped. The heterogeneity of 
the rays from an X-ray tube is doubtless due to the fact that the 
deflection suffered by the /9-ray is not always the same. 
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Let us now turn from the production of the X-rays to their 
effects upon material bodies. 

The scattered radiation is doubtless to be identified with that 
which was termed ‘ scattered 'on p. 282. The plane of polarisation 
of this radiation is that predicted by the theory. The theory also 
predicts that, if 7 is small, R e (p. 259) should be equal to R % and equal 
to 2 Ii p . The value predicted for R t / R p agrees well with experiment 
in the case 1 of the softer rays ; this is one of the few cases where 
a numerical relation predicted by any theory of the nature of 
X-rays can be tested directly, and the agreement is doubtless 
a strong argument for the validity of the theory. But the value 
does not agree for the harder rays, nor is the value predicted for 
R c j R t correct. It has been suggested that the discrepancy is due 
to the presence of a radiation having the same hardness as the 
primary, but not truly scattered, being produced by the impact of 
the secondary /9-rays on the substance in which they are liberated. 
Since there are more emergence than incidence /9-rays and since 
/9-rays produce more emergence than incidence X-rays, th 16 view 
would account for the greater amount of emergence radiation 
apparently scattered. 

The scattering of X-rays is then, according to this theory, 
essentially similar to the scattering of light in a turbid medium ; 
its presence would show that media which appear clear and 
homogeneous to light appear turbid to X-rays (cf. p. 299). Similarly 
the secondary X-radiation would be considered to be analogous to 
fluorescence; the fact that it is unpolarised suggests that it is 
analogous to the fluorescence which is excited by the impact of 
the photo-electric electrons rather than to that which is due to 
resonance ; indeed we have already seen reasons for believing that 
it is due to the impact of the secondary /9-rays. Thomson applies 
Lenard’s theory of phosphorescence to the phenomenon and 
suggests that the secondary X-radiation is emitted when the 
secondary /9-rays return to the atoms from which they have been 
ejected. 

But it is in connection with the ejection of these electrons 
that the greatest difficulties of the theory we are considering are 
encountered. We have concluded that in most cases the energy 
which will be radiated by the /9-ray in the form of X-rays is only 
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a small proportion of the total energy of that ray, and that the 
fraction of this energy which is absorbed by an electron over 
which the rays pass is given by (289). According to (289) the 
fraction should change with the distance between the radiating 
and the absorbing* electron and vary with the angle 0, indeed a 
comparison of (281) and (289) will show that the fraction depends 
on those two quantities in the same way as the square root of 
the energy that is radiated per unit of time through unit, aiea 
perpendicular to the direction of propagation. On the other 
hand the experimental evidence shows that the' energy of the 
secondary /3-ray is independent of the intensity of the primary 
ray and simply equal to the energy of the /8-ray giving rise 
to that primary ray, in fact it shows that K x jK is always 1. Now 
the value of h\ / E given by (240) is always very much less than L ; 
m experimental conditions r is never less than 10, and sin-0 
can never be greater than 1, so that the gieatest possible 1 value 
of the right-hand side of (289) is 



8 x 10~-*. 


If we arc to suppose that the secondary /3-ray receives its Cinergy 
by the action of the electric intensity m the* X-rays in the manner 
contemplated infill the only possibility of reconciling experiment 
and theory lies in supposing that the energy of the secondary 
/8-ray is derived, not from a single* pulse emitted by one original 
kathode ray, but from a succession of such pulses emitted by 
a large number of kathode rays. It we could imagine that the 
electron which is ultimately ejected and forms the secondary 
/8-ray can store the energy which it. receives from N successive 
pulses, then the value of EJE when it is ultimately ejected would 
e 4 sin 2 0 

be N . ^ " r 'i c i an d> if X r were large enough, might be equal to 1. 

An hypothesis of this kind involves, of course, assumptions as 
to the nature of the forces other than those due to the rays which 
act on the electron. There are very grave difficulties in the way 
of devising any mechanism which would give rise to forces of 
a suitable nature and, even if these could be overcome, there 
would be other objections to the explanation proposed. The 
c. e. t. 19 
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forces which enable the electron to store the energy must be 
determined by the atoms of the substance* m which it is contained, 
and it would seem that the amount of energy which an electron 
can store before it is ejected must depend on the nature of 
the substance as much as on the nature of the rays. We might 
be able to invent a means by which tin* electron could store 
energy, but it is almost impossible to invent one which would be 
such that the amount of energy which the electron could store 
would be wholly dependent on the nature of the radiation, hut 
independent of its intensity and of the nature of the atoms An 
even more serious objection can be based on the magnitude which 
would have to bo attributed to the quantity N , the least number 
of pulses which would have to act on the electron before it could 
acquire the requisite amount of energy. N cannot be greater 
than the number of kathode rays which have struck the anti- 
kathode and consequently Ne cannot be greater than the quantity 
of electricity which has been earned between the kathode and the 
anti-kathode by the kathode rays. Measurements of the current 
conveyed by these* ravs show that the value of Ye for one second 
is never greater than 10 s , so that for t his period iY is not greater 
than 2 x 1(V 7 . Hence in older that I/(K x 10 JH ) pulses should be 
emitted, tin* current would have to How for b x 10 4 seconds or about 
200 years! According to the theory suggested, no secondary 
/3-ray could possibly bo emitted with the energy which it is 
actually found to possess until the X-ray tube had been in action 
for this time, even if an election stored all the energy which falls 
upon it. Of course the secondary /3-rays are really emitted so 
soon after the current in the tube is started that the interval 
has never been measured. 

Another explanation of tin* difficulty has been considered ; 
it has been suggested that the energy of the secondary /3-ray is 
not derived from the X-ray at all, but from the atom from which 
it is liberated, and that the action of the X-rays is merely to 
stimulate the atom to emit an electron by some process similar to 
that involved in radioactivity. The hypothesis of such an action 
0 trigger’ action it is often called) has been introduced to explain 
in turn all the difficulties connected with radiation, but nobody 
appears to support it nOw. The first objection mentioned in the 
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last paragraph applies also to this hypothesis , a graver objection 
is that the total amount of energy contained in all the secondary 
/3-rays liberated by a beam of X-rays is not greater than that 
which, according to the theory which has been discussed, is 
contained in the X-rays and is, moreover, the same on whatever 
material the rays act. If we regard the total energy of all the 
secondary rays liberated when a given beam of X-rays is com- 
pletely absorbed as equal to the energy of that beam of X-rays, 
it appears that this energy agrees well with that calculated by the 
Stokes- Wiechert theory from the nature of the kathode rays 
giving rise to the X-iays , difficulties are raised only when we 
consider the distribution of this energy and inquire why it appears 
to be concentrated on a very small proportion of the electrons 
contained in the material on which the rays act, giving to this 
small proportion an energy far greater than is to be expected and 
to the rest none at all 1 . 


In view of these discrepancies it is not worth while to develope 
further the theory of the motion of an electron under the influence 
of the forces in the* pulse constituting the X-rays, but it may be 
noted that some light is thrown on the difference between the 
emergence and incidence secondary /3-radiation by the considera- 
tions of the pressure of radiation given on p. 283 We saw that 
the ratio of the momentum of the electron in the emergence 
, . , , , , , I He. n 


direction to its total momentum should be 


Remember- 


ing that the time during which the pulse acts on an electron is S/c, 
where h is the thickness of the pulse, and taking the value of H 
from (22G), we conclude that this ratio is proportional to tv, the 
velocity of the kathode rays exciting the X-rays. Accordingly 
the ratio should increase with this velocity and the nitio of the 
emergence to the incidence radiation mciease with the hardness of 
the X-rays. This relation is actually found by experiment, but 


1 Those difficulties are not overcome, o\en if we adopt the older view that the 
ra>s produce the ionisation, by which their energy is often measured, directly and 
not through the agency of the secondary /?- rays. The X-rays ionise only aNoiy 
small proportion of the atoms in a gas through which they pass and the energy 
which they give to each atom when they ionise it is btill very much greater than 
that predicted by (239). 


19 2 
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neither the measurements nor the theory are sufficiently definite 
to make a quantitative comparison possible. 


113 . The c< msiderations which have been advanced suggest 
Bragg’s very strongly that an explanation of the discrepancy 
theory between theory and experiment is to be found at 
least as much in an error in the older view of the nature of X-rays 
as in our ignorance of the forces acting on an electron before it 
emerges as a secondary /2-iay. It was these considerations which 
led Bragg to suggest his corpuscular theory of X-rays. 

The difficulties which are raised by the theory which has just 
been considered me all connected with the assumption that the 
energy of an X-iay pulse is distributed over a finite* volume 
depending on the distance from its place of origin 1 and is not, 
like that of an a- or /2-ray, concentrated m a very small volume* 
independent of the distance from the origin. Bragg suggests that 
this assumption is false, that the energy of an X-ray, like that of 
the, /2-ray from which it arises, is concentrated on a corpuscle , 
these* corpuscles stmt whe*re the /2-ray is stopped and, so long as 
they remain X-ray corpuscles, travel through material bodies 
without loss of energy and through electric or magnetic fields 
without deflection, but when they are passing through material 
bodies they are liable* to be reconverted into /2-rays, which once* 
more* may later be reconverted into X-ray corpuscles. The 
fraction of the X-rays which is converted into /3-rays in passing 
through a given layer of material and the fraction of the /2-rays 
which is retransformed into X-rays depend on the nature of the 
matter and the quality of the rays. 

Stated in this form Bragg’s theory is little more (and nothing 
less) than ail adequate description of the experimental facts 
mentioned in § 108 , the only assumptions made are practically 
certain, namely that the X-rays produce all their ionisation and 
secondary X-radiation through the agency of the secondary /2-rays 

i If the oiigmal kathode ray is moving with a speed near that of light the 
eneigy of its initiation is not spread unifoimly over a sphere, but even m the 
ease of the fastest /3-iays the cotie in which it is concentiated occupies not less 
than iJ 0 of the whole space round the oiigiu. The consideiutions presented lieie 
apply also to the haidest y-iays. 



113] 


BRAGGS THEORY 


293 


and that the energy of these /3-rays is derived from the X-rays, 
in this form the theory is most certainly true and most highly 
important, it is true and it is important that when X-rays pass 
through material bodies there is a certain rate of transformation of 
/8-rays into X-rays and vice versa and that this rate determines 
the phenomena of ionisation and absorption But m this form it 
does not solve the main problem; it does not explain how the 
transformation between the /8-ray and tin* X-ray is effected. Boi 
this purpose some hypothesis as to the nature of the X-ray 
corpuscle must be made. 

Bragg’s original suggestion was that the X-ray corpuscle 
consisted of a ‘ neutral pair,’ formed by the association of the 
electron forming the /8-ray with a positive chat go of equal 
magnitude which it picked up when it was converted into an 
X-ray and lost again when that X-ray was converted into a /8-ray. 
In the process of picking up the positive charge no energy was 
lost, accordingly, if the whole energy of the X-ray corpuscle, like 
that "of the /8-ray, is kinetic, the mass of the positive particle 
must be infinitesimal compared with that of the electron. Such 
a neutral pair would be undeflected m electric and magnetic 
fields; it is possible that, being uncharged, it would produce no 
ionisation; but it might be deflected m passing through a mateual 
and so give rise to the scattered radiation 

This theory is, of course, greatly superioi to the Stokes- 
Wiechcrt theory in explaining how a secondary /8-ray can receive 
the whole energy of an original /3-ray, and why the ionisation due 
to the X-rays is produced entirely by the secondary /8-rays. These 
propositions were suggested by Bragg on the ground of his theory 
before they had been established experimentally. But in many, 
if not all, other respects the 4 neutral pair’ is not superior to the 
pulse theory. It explains well why the emergence radiation is 
always greater than the incidence, for the corpuscle would possess 
the momentum as well as the energy of the original /8-ray and so 
tend to move m the same direction, but it appears now that this 
difference is quite in accordance with the older theory. In respect 
of the relation between the rate of transformation of the rays and 
the nature of the matter on which they act there is little to choose 
between the theories , additional hypotheses as to the constitution 
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of the matter have to be introduced in either case and these can 
be suited to one theory as well as to the other. 

But there are very serious objections to Braggs theory. 
The first of these— at the present time it is not fatal — is that 
it makes it necessary to suppose that, if any of the energy of 
a /3-ray is converted into X-rays, the whole of that energy is 
converted. There is no direct evidence against this view, but it is 
becoming increasingly difficult, if Rutherford’s theory of the 
origin of 7 -rays is confirmed by further measurements, it will 
have to be rejected Again, we have seen that /3-rays m their 
passage through matter are subject to two kinds of deflection , 
they suffer many small deflections leading to a general curvature 
of path and a few large deflections. O 11 the older theory it would 
be natural to associate the former with loss of energy by ionisation, 
the latter with loss of energy by the i mission of X-rays, on 
Braggs theory a /3-ray which has given rise* to an X-ray must 
disappear completely. 

Another objection may be base* l on the difficulty of explaining 
by this theory how the X-rays can be polarised. Bragg has 
suggested that the neutral pair revolves 111 an orbit of which the 
plane determines the plane of polarisation, but it is not easy to 
see why this plane should remain perpendicular to the direction 
of propagation when the rays are scattered. And this is only a 
special instance of the essential weakness of the ‘neutral pair’ 
theory, which is its failure to explain the indubitable general 
resemblance between X-rays and light*. The main argument for 
accepting the theory at the time when it was proposed is now one 
of the chief reasons for rejecting it. 

The most fatal objection to the theory would be the undoubted 
proof of the excitation of 7 -rays by a-rays. The production of 


1 To me it repeats a seuous objection to Biagg’s theoiy that it necessuiily tails 
entirely m peilorming one of the chief duties of theories, that of conflating 
diveise phenomena, though it peifonns admirably the othei of those duties, that 

of visualising the pioeesses which it explains No othei physical phenomena give 

ns the smallest reason to suspect the existence of positively charged pai tides ot 

which the mass is small compared with that of an electron, so that the theory 
mtiuduces a mechanism which is foreign to all other theories. It will be 
lememhored that the 1 * * 4 positive electrons,’ the existence of which was discussed 
m 43, (>(», have a mass comparable with that ot an electron , even if we could 
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7 -rays by any particles but electrons can hardly be reconciled 
with the ‘neutral pair’ theory in its present form, while it. is 
in complete accordance with the Stokes- Wiecheit theory, which 
predicts that all accelerated charges should emit electromagnetic 
radiation. 


114 . The neutral pair theory was originally [imposed because of 
X-rays and the inadequacy of the Stokes- Wiechert. theory The 
llght latter theory involves two assumptions, that, the 

X-rays are similar to light, and that the Maxwellian theory of light 
is correct At the tune that Bragg proposed his theory, it was far 
more plausible to deny the first of these assumptions than the 
second; but the reverse is now true 1 We have seen in the last 
chapter that the Maxwellian theory is difficult to reconcile with 
observations on light, it is no more difficult to reconcile with 
observations on X-rays, an attempt to save the theory by denying 
that X-rays are like light, is useless, the theory is [last saving. 
And meanwhile the evidence of the similarity of X-rays and light 
has steadily accumulated , let us examine this evidence further. 

It is, of course, obvious that the emission of secondary /3-rays 
is very similar to the photo-electric effect In each ease we have 
electrons emitted with a speed that is determined by the quality 
but not the intensity of the incident rays 1 . in each cast* we find 
the difficulty that the energy of tin; electrons emitted is very 
much greater than can be accounted for by the Maxwellian theory. 
Further the occurrence* of a sharp maximum in the emission of 
secondary /3-rays when the nature of the substance and the hard- 
ness of the X-rays are suitably related is analogous to the ‘selective* 
photo-electiic effect. The difference between the two processes 
is that in the case of the X-rays the velocity of the electrons is 


accept that hypothesis, the* position ot Brad’s theory would bo unalteted. Of 
course B tang’s theoiy cannot bo applied to light, because it is known that light 
Havels with a constant velocity <*, wbeieas tin* neutial pans tiavel with a velocity 
dependent on their eneigy 

1 Experiments ha\e been desenbed which seemed to piove that the emeigenee 
photo-electiic effect was, like the emergence becondaiy (i-my effect, greater than the 
incidence But the most lecent work shows that these expet intents ate capable of 
a quite diffeient explanation (see Bartzsch and Hailwachs, Sttz. Jin. Iltuja A hid. 
64 . 147 , 1912 ). 
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independent, of the material from which they are emitted. But 
this difference is a natural consequence of the difference which 
must be supposed to exist between the two kinds of disturbances 
by any theory which assimilates X-rays and light; the X-rays 
must correspond to light of veiy short wave-length, and the 
quantity which corresponds to v must be very much greater for 
X-rays, ff v is so great that 111 (190) hv is always very large 
compared with iv {U the velocities of the electrons emitted from 
substances with different values of will bo indistinguishable. 

There are two kinds of experiment to which no reference has 
yet been made which, if they could be carried out in a manner 
open to no doubt, would go far to deciding whether X-rays are or 
are not similar to light, namely experiments on the velocity of 
the X-rays and experiments on their interference If it could be 
shown that th(‘ X-rays do not travel with the velocity n, then 
there can he no doubt of their difference from light, while if 
they do travel with that velocity there can be little doubt of their 
essential similarity to light. 

Many attempts, notably by Blnndlot and Marx, have been 
made to measure the velocity of the lays, always by comparing it 
with that of Hertzian waves In Marx’ work, such waves, as they 
travel along wires, are made to charge alternatively positively and 
negatively a metal plate on which tail X-rays excited by the 
alternating current which is also the source of the Hertzian 
waves. Let us suppose that the distance of the plate from the 
X-ray bulb is the same, whether it is measured in a straight line 
or along the wires. The X-rays are only excited when the electrode 
designed to act as the kathode is actually negative; during the 
other half of the alternation of the potential difference no rays 
are excited. If the rays so excited arrive at the metal plate 
when it is positive, no secondary /3-rays will leave it, while 
if they arrive when it is negative such rays will be emitted. 
If the X-rays travel with the same velocity as the Hertzian waves, 
the potential of the plate when the rays arrive at it will be the 
same whatever the distance of the plate from the bulb; but if one 
set of rays travel faster than the other, then for some distances 
the rays will arrive when the plate is positive and for some when 
it is negative, and the ertiission of the secondary rays will depend 
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on the distance. From experiments based on this principle, Marx 
has concluded that the X-rays and Hertzian waves (which, of 
course, travel with the velocity c) have the same velocity, but 
though his experiments were conducted with great care and 
elaboration then; appears to be some doubt as to the lnterpie- 
tation of his results, and the; conclusion that the X-rays travel 
with the velocity of light cannot be regarded as incontrovertible. 

It is impossible to perform with X-rays any experiments 
analogous to the classical optical experiments on interference, 
because up to the present tune it has been impossible to divide 
a beam of X-rays into two parts subsequently brought together 
again by any process of regular reflection or refraction ; hut 
attempts have been made to observe a diffraction of X-rays when 
thev pass through a narrow slit. An extension of the action ot 
the rays into the geometrical shadow has undoubtedly been ob- 
served, but there are complications arising from the scattered and 
secondary radiations to be taken into account However Sommerfcld 
concludes from the observations of Walter and Fold that the 
distribution of tin* intensity of the rays about such a narrow slit 
is completely in accordance with the theory discussed m § 111, if 
it be assumed that the thickness of the pulse is not greater than 
4 x ItMcm. It is to he remarked that the value for this thickness 
calculated from the ratio of the intensity of the X-rays to that of 
the kathode rays exciting them is of the same order of magnitude. 
This is important evidence m favour of the similarity of X-rays 
and light, but it is not absolutely conclusive 1 , while the limits 
of error in the interpretation of the ‘diffraction pattern* are* so 
great. 

Recently — almost too recently for adequate discussion in this 
volume — some very interesting experiments have been described 
which appear to show true interference by X-rays. If a narrow 
pencil of the rays is passed through a plate of a cubical 
crystal, cut perpendicular to one of the chief axes of symmetry, 
it is found that the emergent rays do not consist of a single 
pencil in the direction of the incident rays, surrounded by a 
halo of scattered rays, but form a large 1 number of sharply 
defined pencils which produce on a screen placed behind the 
crystal a complicated but regular patterh of small spots. Lane 
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suggested that the crystal acted towards the X-rays as a three- 
dimensional diffraction grating, the lines and spaces being repre- 
sented by the regularly arranged atoms in the crystal and the 
spaces between them. Light of wave-length X falling on such 
a system of regularly arranged atoms and exciting in them 
secondary disturbances would emerge perpendicular to planes such 
that the normals to them through each atom were multiples of X, 
so long as X was not la rge compared with the distance 1 between 
the atoms. Since the distance between the atoms in the case 
of a crystal is about TO -8 cm, the crystal would not act as a 
diffraction grating towards ordinary light, but X-rays with a wave- 
length of about 10” y cm might bo diffracted by the crystal and 
resolved into a spectrum. Lane suggested that the pencils of 
X-rays emergent from the crystal represented the line spectrum 
of the X-rays falling on 1 b 1 

But W. L. Bragg has pointed out that the position of the 
emergent pencils can be more readily explained in a manner some- 
what different, but quite as interesting, it appears that the pencils 
can all Ik* regarded as the result of the regular reflection of the 
incident pencil in various planes in the crystal; these planes are 
those which contain the greatest number of atoms in unit area. 
On this view the optical analogy to a crystal acting on X-rays is 
not a diffraction grating, but a pile of very thin parallel plates 
of glass ; such a pile reflects at an angle 0 light of which the wave- 
length is d cos 0 , where d is the distance between the plates. 
Following up this suggestion he has obtained evidence of the 
regular reflection of X-rays at the surface of crystals of mica This 
result raises the question which has not been discussed hitherto 
why, if the X-rays are like light, they are not always regularly 
reflected and refracted. The explanation often given is that these 
rays, consisting of mere pulses and not trains of vibrations, cannot 

1 Hole ami elsewhere mention has been made of the ‘wave-length of the 
X - 1 a \ s 1 although it is not believed that such ia>s aie simple haimonic vibrations 
chaiaetei ised by a ''ingle length The thickness of the pulse is really meant, but 
the use of the teim wa\e- length is justified because it appeals that if a large random 
collection of pulse* of the same thickness were analysed into a Founer senes in the 
manner sketched 111 § 84, then the amplitude of the tenn having a wave-length 
equal to that of the thickness of the pulse Would be much greatei than that of any 
other teim. 
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set the atoms of the reflecting substance into vibrations and 
so call into play the mechanism on which reflection depends 
(see p. 198); but as we have every reason to believe that white 
light, which is regularly reflected, also consists of a succession of 
pulses, this explanation does not seem entirely adequate. A refer- 
ence to § 24 will show that the theory of the refractive index 
which we have developed suggests that disturbance's, even if they 
consist of regular vibrations, would not be refracted if their wave- 
length were as small as that which we associate with X-rays. If 
in (45) v is greater than 8 x corresponding to X = 10 \ rr — 1 
will be very small, unless, either v is very nearly equal to r 0 , 
or Nt-jirmn is of the order of 10^. Wo shall see in § 124 that Ne 
is probably not greater than 10 15 d, where d is the density ipf the 
substance, so that N^/ttiUq will not be greater than 2x10 ! ; ; 
accordingly there should be no appreciable re fi action of such rays, 
except when v is nearly equal to v 0 and in this case i ('fraction 
would be masked by absorption. The reflecting power of a 
substance is determined by the value of rr — 1, so that absence of 
reflection would accompany absence of refraction. But if there 
are in a crystal certain planes containing an abnormally large 
number of atoms per unit area, the effective value of AV'/V/a,, 
would be much larger for those planes and they would act as 
reflecting surfaces. Another reason for the absence of regular 
reflection and refraction might be found m the coarseness of the 
grain of all material media. A substance 1 will not act as a smooth 
surface or as a clear medium unless the distance between its 
grains is small compared with the wave-length of the light . the 1 
distance between the grains (or atoms) in such media as we know 
is not less than 10“ 8 cm., which is small compared with the* wave- 
length of any light, but not compared with that of X-rays. 


Waves or 
corpuscles 


115. It appears then that all the evidence which is available 
tends to prove that X-rays are essentially similar to 
light, and that the apparently great difference in 
their properties may be attributed to a difference m the wave- 
length. Even the difference in tin* penetrating power of the rays 
for various media is readily explicable in this manner. For the 
absorption, like the refractivity, of a medium for radiation of wave- 
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length X is roughly proportional to the number of electrons in a 
cube of volume X 3 which are resonant with that radiation; so 
that, even if the number of electrons in unit volume resonant with 
X-rays is greater than the number resonant with light (see §124), 
the absorption which they cause may still be very much less. 
The question is no longer whether the X-rays are like light, but 
what theory of light we are to adopt in order to explain the 
properties of both light and X-rays. If we adopt the Maxwellian 
theory, wo encounter the difficulty <>f explaining how a single 
electron acquires from the radiation the energy which experiment 
shows that it acquires, some hypothesis as to the* forces acting on 
the electron must be devised, but it is difficult to see how such an 
hypothesis can solve the problems raised in the last chapter or in 
this ; is it possible, consistently with the doctrine of energy, to 
explain how an electron can absorb an amount of energy which is 
very great compared with that contained m the volume occupied 
by a molecule ? If we adopt any corpuscular theory we encounter 
all the difficulties which led to the rejection of the similar 
Newtonian theory; we, have to explain how radiations of different 
quality are distinguished by different lengths or times (as shown 
by interference experiments) as well as by different energies '(as 
shown by the photo-electric effect), how those radiations all travel 
in vacuo with the same velocity and how they can be polarised. 
Some attempt at such an explanation is offered by the Planek- 
Emstem theory which was discussed in the last chapter, and it 
must be noted that, though the evidence is less decisive, that 
theory appears as applicable to X-rays as to light. The figures 
given on p. 287 show that, if we take for the value of v or X that 
indicated by experiments on diffraction, the quantity hv, where 
h is the constant characteristic of Planck's theory, is approxi- 
mately at least equal to the average energy radiated by a single 
/8-ray m the form of X-rays or to that received by a /3-ray 
from X-rays. Moreover the arguments in favour of Einsteins 
view that the quantity h is determined by the structure of the 
radiation rather than by that of the systems on which it acts are 
even more convincing in the case of X-rays than in the case of 
light. However the theory will not be generally considered 
complete until it explains the physical meaning of h and visualises 
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the processes involved ms satisfactorily as the alternative theories; 
Thomson’s suggestion (p. 251) might explain why the energy 
appears to be divided into quanta of finite magnitude, but it does 
not explain why there is the relation which doubtless exists between 
the magnitude of a quantum and the frequency of the light 1 . 
Of the importance of the Planek-Emstoin theory there cannot be 
the smallest doubt, but at present it is rather an illuminating 
statement of the experimental facts which have to be explained 
by any theory than an attempt at explaining them. 

The greatest difficulty that has to be met by any theory 
which, on account of considerations of the transference 1 of energy, 
would substitute for the Maxwellian theory of spheneal waves any 
form of corpuscular theory is that connected with interference and 
diffraction. There are two forms of this difficulty The first is 
that mentioned on p. 252 , if the energy is concentrated m very 
small volumes, how does diffraction take place when these volumes 
are so sparsely distributed? The second is that, if the eneigy 
travelling in different beams is carried by different systems, it is 
hard to explain why these systems can act on ouo another and 
interfere if they come originally from the same source and not if 
they come from different sources. I do not think that any satis- 
factory solution of this difficulty has been offered so far, but 
interesting attempts have been made to decide between the wave 
and the corpuscular hypotheses by investigating in a new manner 
whether the energy carried from a given source m two different 
directions is or is not carried by different systems. 

The idea underlying these attempts is due to Sehweidler. 
Suppose that a source of rays is emitting on the average N rays 
per second, but that the moments of emission are not regularly 
spaced but distributed at random over the period considered. 
Then in any period t the number of rays emitted is not exactly 
Nt, but Nt + q where q is a quantity which will be different for 
different periods t. If we perform the experiment many times, 

1 It must be remembered there is no evidence whatever for any other magnitude 
for the quanta than hv\ if light is not done up in quanta of this magnitude then 
there is no evidence whatever that it is done up in quanta at all. This reniaik is 
necessaiy in view of some of the explanations of the difhculties of radiation which 
have been offered. 



302 


X-RAYS AND y-RAYS 


[115 


always observing over the same period t , we shall obtain each time 
a different value of q ; of course the arithmetic mean of these 
values for a sufficiently large number of observations will be 0, for 
< j is sometimes positive and sometimes negative, but the mean of 
the values of q~ will not be 0; it is easy to show that, if the 
moments of emission are really distributed at random, q 2 , the 
mean value of the square of the deviation from the mean Nt, 
is Nt 1 . 

Now suppose that we observe the number of rays emitted by 
the same source in two different directions, and measure for each 
period t the difference between these numbers; this difference will 
be q x — q. 2) where q } and q 2 are the deviations from the mean for 
the rays emitted in the two directions. If the rays emitted in 
the two directions are quite independent, so that it is possible 
for the source to emit rays in one direction without emitting 
them m the other, then q x and q 2 will be quite independent and 
it is easy to set' that 

(</i - <hY = fyr = 

But. if when the source emits a ray in one direction it also 
necessarily emits one in the other then, of course, q x will always 
be equal to q> and (q ] —r/ 2 )“ will be 0 

A radioactive body is a source of rays emitted at moments 
distributed at random. Tf the rays are a- or /8-rays, those which 
are emitted m different directions are doubtless independent in 
the sense which has just been described ; and experiments have 
been carried out on a-rays which show that the value of (q x — q^f 
is, as it should be, 2 Nt Hut what if the rays are y-rays ? If the 
spherical wave theory is true, then the rays are not independent , 

1 in the same way, suppose we toss a penny a very large number of times and 
divide this number into a laige number of series each of which contains 200 tosses; 
then tho mean \alue of the number of heads in one series is 100, but the actual 
value will be 100 + 7 *hcio q is diffeient foi each series. Tho mean value of q 2 
for all the senes will he 100 It is to be observed that while the absolute value 
of ( 7 J ) i inci eases with the number of tosses in a senes, the ratio of this value to 
that number decreases with the numbei of tosses. If we toss a penny a million 
times, tiie probability that we shall get a deviation of 100 from the mean number 
of heads is much greater than if we toss it only 100 times, but the probability that 
we shall get a deviation which *is of the whole number of tosses is much less. 
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if the source emits a 7-ray in one direction it also emits one in the 
other and (<j l — q,y should be 0. But if the corpuscular theory is 
true, the rays are independent, just as are the a-rays, and (r/, - q,) 2 
should be equal to 2 Nt. The experiment has been tried , the 
actual measurements are very difficult and their interpretation 
is rendered somewhat uncertain by factors which have been left 
out of account in this simple description; one source of urn 
ceitainty is to be found in the fact that we cannot measure the 
number of 7-rays, but only the number of /3-rays to which they 
give rise, and in any measuring instrument the number of /3-rays 
liberated by a given number of 7-rays may show fluctuations about 
the mean. The results are not conclusive, but, so far as they go, 
they appear to favour the wave theory as against the corpuscular 
theory; the numbers of 7-rays emitted by the same source m two 
differ tait directions do not appear to be perfectly independent. 
Attempts have also beam made to apply the saint 1 ideas to the 
cast* of the emission of light and X-rays, but here the experimental 
difficulties are insuperable. 

These results, if they are reliable, are extremely important, 
but they do not raise any new difficulty, they only show that 
certain ways of overcoming the 1 old objections based on optical 
interference are impossible The present position appears to be 
that the wave theory, as supported by Sommerfcld, and the cor- 
puscular theory, supported by Einstein, are each capable of 
explaining a great many facts connected with radiation; but 
that, in general, the facts which arc explicable by one theory 
are not explicable by the other. The corpuscular theory alone 
can explain how the energy of radiation is transferred from one 
place to another, while the wave theory alone can explain why the 
transference along one path is not independent of that along 
another. It almost seems that the energy itself is transferred 
by corpuscles, while the power of absorbing energy and making 
it perceptible to experiment is transferred by spherical waves, 
but it is impossible to suggest any theory capable of explaining 
this distinction. The problems of radiation are not yet solved. 
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PART III 

CHAPTER XII 

THE PROPERTIES OF MATTER 

116. In the second Part of this volume, when we were 
The properties developing the electronic theory of electrical and 
of matter. magnetic phenomena, we had occasion many times 
to make assumptions concerning the relation of the electrons to 
the substance in which they are contained. We had to suppose 
that ‘in some bodies the electrons are bound within the atom 
by elastic forces, in others that they move freely throughout 
the substance or revolve in orbits of definite magnitude ; also 
that, in certain circumstances, external agencies may detach an 
electron from an atom to which it is usually bound and cause it to 
become free. But so far no attempt has been made to correlate 
these various assumptions, to discover, for example, a connection 
between the properties of the bound and the free electrons of the 
same substance and to invent hypotheses to account for such 
connections. This problem will be considered in this Part; we 
shall try to explain the connection which experiment shows to 
exist between two or more different properties of the same sub- 
stance. 

In order to distinguish the more from the less speculative 
portions of the attempt, we shall in the present chapter take 
a general survey of the properties of matter, discover which of 
them experiment shows to be intimately connected and investi- 
gate whether we can explain the connection to any extent without 
making assumptions other than those which have been introduced 
in our theory of those properties. In the next chapter we shall 
consider the attempts that have been made to coordinate all these 
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properties one with the other by means of a more detailed theory 
as to the structure of the atom. 

The connections that exist between the various properties of 
the same substance may be brought to light by classifying those 
properties in two ways. First we may classify them according to 
the degree in which they depend upon the relations of the atoms 
in the substance and not only on the properties of the atoms 
themselves. We thus arrive at the following classification : — 

I. Properties which depend neither on the nature of the 
atoms nor on the relations between them : — The gravitational 
constant, the constants which have been denoted hitherto by 
6 , h, k, c and, perhaps, the constant of formula (180). These 
arti the universal constants of physics. 

II. Properties which depend only on the number and nature 
of the atoms in the substance, but not on their state of chemical 
combination or on the physical state of the substance: — Mass, the 
radioactive constants (decay constant and those defining the 
number and speed of the rays emitted), the stopping power for 
corays and (probably) for /3-rays, the constants defining the 
behaviour towards X- and 7 -rays (transformation constants and 
v, H or \ my defining the quality of the characteristic radiation). 

III. Properties which are not determined only by the number 
and nature of the atoms in the substance but depend also on their 
state of chemical combination and physical aggregation: — Chemical 
properties, mechanical properties (elastic constants, melting and 
boding points, surface tension and so on), thermal conductivity, 
electrical conductivity, optical properties (refractive index, posi- 
tion of absorption bands, emission spectrum and so on), photo- 
electric properties (the constant tv 0 of (190)), the power of being 
ionised, paramagnetic and diamagnetic susceptibility, specific 
heat. 

It is not pretended, of course, that this list is exhaustive, but 
it includes all the properties which are important for our purpose. 
In class III, the properties are named roughly in the order of the 
degree in which they depend upon the relations of the atoms. 
Thus the elasticity or the electrical conductivity of a given 
chemical compound appears to be perfectly independent of the 
elasticity or conductivity* of the elements of which it is composed, 
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while its specific heat can be deduced with a high degree of 
approximation from that of its constituent elements. 

The second classification is applicable only to the elements 
themselves and not to their compounds. We may classify the 
properties of a compound according as it is or is not a periodic 
function of the atomic weight. Thus, as is well known, the 
chemical properties of an element and its density are periodic 
functions of the atomic weight, a fact which is expressed in 
Mendeleefs table ; a quantity defining one of these properties 
does not increase or decrease regularly with the atomic weight, 
but increases and decreases alternately in periods which are 
approximately the same for all these periodic properties. On 
the other hand, the quantity defining the properties of the 
characteristic X-radiation, though a function of the atomic weight, 
is not a periodic function ; (for either the K or the L series) 
increases regularly with the atomic weight Now the remarkable 
fact appears that the second classification leads to very nearly the 
same result as the first. Properties which are independent of the 
chemical combination of the atoms are functions of the atomic 
weight which are not periodic, while properties which depend on 
the chemical combination of the atoms and the physical state of 
the substance are also those which, when they are properties of 
the elements themselves, are periodic functions of the atomic 
weight 1 . These considerations undoubtedly suggest that when 
we make hypotheses as to the structure of the atom, we shall 
have to make that structure consist of two distinct parts, one 
which is changed by chemical combination and is a periodic 
function of the atomic weight, while the other is not changed by 

1 Perhaps the identification of the two classifications cannot be maintained in 
every detail. Thus \ m for (3 - rays of given speed falls m class II, but appears to be 
a periodic function of the atomic weight ; but it must be remembered that the 
absorption coefficient for any kind of rays is a very complex quantity, determined 
partly by true absorption and partly by scattering, which does not correspond to 
a simple physical property. Again all the properties in class III cannot at present 
be expressed as periodic functions of the atomic weight ; in the case of diamagnetism, 
for example, it can only be said that on the whole elements of small atomic volume 
are paramagnetic, those of large atomic volume diamagnetic. But m every case 
(except specific heat, which is a doubtful member of class III) elements of the same 
chemical group resemble each other in respect of properties in class III more than 
they do elements in other groups. 
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chemical combination and is not a periodic function of the atomic 
weight. 

The next part of our task is to discover whether, without 
making any definite assumptions as to the structure of the atoms, 
we can explain the connection which exists between properties in 
the same group. We have already made some advances in this 
direction in showing that there is a necessary connection between 
the thermal and electrical conductivities and between the refractive 
index and the dielectric constant. We will proceed first to consider 
the other properties of class III. 


117. In § 28 we saw that the free vibrations of a substance 
, which determine its absorption bands in the infra- 

Optical and r 

mechanical red are those of the atoms executed under the 

° pe forces by which they are held in their places. If 

we regard the molecules of a solid element as monatomic, the 
molecules are identical with the atoms and the forces which hold 
the atoms in their places are those which hold the molecules. 
Now the elastic forces which are called into play when the body 
is deformed by compression or shearing are doubtless also those 
which hold the molecules in their places, and the question arises 
whether the elastic forces resisting mechanical strain have any- 
thing to do with those which determine the optical vibrations 
of the solid element. An exceptionally bold speculation by 
Madelung and Sutherland suggests that the forces are exactly 
the same in the two cases and that from the mechanical pro- 
perties of such a body we can calculate its infra-red frequencies. 

A solid body can transmit mechanical vibrations of two kinds, 
compressional and transversal. The former travel through the 
body with a velocity a u the latter with a velocity a 2 , where 

pi)/p (244), a 2 2 = nip (245), 

and k is the modulus of bulk elasticity, n the rigidity, p the 
density. If the body has the form of a cube and it is maintained 
by external forces in a state of vibration, a condition will ulti- 
mately be reached in which it is traversed by steady standing 
waves of both types ; the wave-length of those waves which lie 
along the edges of the cube will be an integral sub-multiple of 
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l, the length of an edge; there will be standing waves of which 
the wave-length is l y others of which the wave-length is lj 2 and 
so on. Some of these vibrations will be perceptible to our senses 
as sound vibrations emitted by the body, some may have too low 
a frequency to be heard and some will certainly have a frequency 
too high to be heard. The frequency of a vibration of which the 
wave-length is X will, of course, be ttj/X or a 2 /X according as the 
wave belongs to one type or the other. Now it seems that there 
must be an upper limit to the frequency of these vibrations, con- 
ditioned by the fact that the body is not infinitely fine-grained ; 
it seems reasonable to suppose that there can be no vibration of 
which the wave-length is less than twice the distance between 
two atoms, for it is difficult to see how a smaller wave-length 
could be propagated. Madelung’s suggestion is that there is 
indeed this lower limit to the wave-length of the vibrations 
which can exist in the body, that the vibrations of the highest 
frequencies are perceptible to our senses not as sound vibra- 
tions but as light vibrations, and that the highest possible 
frequency is the highest frequency in the infra-red shown by the 
absorption spectrum of the body. The suggestion really only 
involves the assumption that the atoms are charged, so that their 
vibrations can give rise to electromagnetic disturbances, and that 
the forces which determine the mechanical properties of the body 
act only over ranges comparable with the distance between two 
atoms. 

If this theory is true the highest infra-red frequency of a body 
(and we can only expect to be able to detect optically those of 
highest frequency) should be aj/2rf, where d is the distance 
between the atoms. Now a, can be calculated from elastic 
measurements by means of (244) and, if N is the number of 
atoms in unit volume, d must be equal to N 4 and can be 
determined from the density and the atomic weight. Accord- 
ingly the predicted and the measured frequency of the infra-red 
vibrations can be compared, but the comparison is difficult 
because so little is known directly of the infra-red vibrations of 
the solid elements 1 . However so far as a comparison can be made 

1 Very few elements at ordinary temperatures are solid and transparent The 
theory cannot be applied immediately to compounds, for in such bodies the 
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it is not unsatisfactory; the theory indicates that the infra-red 
frequency should be of the order 3 x 10 12 , i.e. in the region 
where the infra-red absorption bands of many substances are 
known to occur. 

But the theory of specific heat given in § 100 affords another 
way of obtaining information concerning the infra-red vibrations 
of a substance and a better way of testing this view. The essence 
of that theory is that each vibrating system in the body which 

has a frequency v contributes to the specific heat a quantity ~ r j, L V) 

where L v is the function of v and T given by (217). Hitherto 
have regarded all the vibrating systems as parts of the molecules 
of the substance, but the considerations which have been pointed 
out suggest that we must take into consideration the vibrations 
of the substance as a whole ; these vibrations will not have one 
definite frequency, but as many frequencies as there are sets of 
standing waves of different wave-lengths which can exist in it. 
Now the problem of determining how many of these sets of 
standing waves there are which have frequencies between v and 
v + dv is exactly the same as that which was considered on p. 231, 
when we were dealing with equilibrium radiation. To discover 
the number of waves of different frequencies travelling with 
velocity a in unit volume of the substance we have only to 
substitute a for the velocity of light 1 ; if the waves are trans- 
versal each frequency must be counted twice, because vibrations 
polarised in different planes must be considered as different 
vibrations. Hence, if Z v dv is the number of vibrations of frequency 
v in unit volume of the solid substance, 

*,-w(i +i 5) 124.6). 

infia-red vibrations may be due to atoms vibrating within the molecule and subject 
to forces very different from those which resist efforts to move the molecules from 
their places. However the theory seems true for compounds. 

1 The proof given here of (24G) is not rigid. It is assumed that the 
transversal and compressional vibrations are independent, whereas one kind 
cannot exist without the other. No completely rigid proof has yet been given; 
the difficulty lies in the fact that it is not permissible to apply calculations 
which assume a continuous medium to one which is, ex hypothesis discontinuous. 
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But now the upper limit to v is not, as it was in the case of 
light, infinity, but some definite frequency v m , which is that of 
the waves which have a wave-length 2 d ; a better view (which 
does not lead to a very different result) is that since there are 
only N atoms present, each of which has only three degrees of 
freedom, the total number of vibrations cannot be greater than 
3N. Therefore r m is determined by the equation 

3N — f"' Z v dv (247), 

J o 

whence Z v = 9iV — . dv (248). 

v m ' 

Hence the specific heat of unit volume of the .substance i^ 

C = <frC 1 Z ’ L ’ llv ( 249) 


!-«?■} < 250) ' 


where p is written as an abbreviation for 

k'l 


(244) — (250) (express the specific heat of the substance as a 
function of the quantities /c, n , p , N, determined by its properties, 
T, the absolute temperature, and the universal constants //, k\ So 
far as the variations of C/C n with T are concerned, the formula 
agrees admirably with experiment ; there is also a very remarkable 
agreement of the observed values of C/C t) for different (dements 
with the values predicted from their elastic constants; the out- 
standing discrepancies can certainly be attributed to uncertainties 
as to the value of these constants, which vary considerably with 
the nature of the treatment which the substance has undergone 1 . 

The importance of these results for our present purpose is that 
they show that there is a connection between the elastic constants 
of an element and its specific heat and explain this connection 
by relating both these properties to the possession of natural 
frequencies in the infra-red portion of the spectrum. The con- 
nection can be extended to include other of the mechanical 

1 Moreover it is assumed that the elastic constants are independent of the 
temperature, an assumption which is certainly not* true. 
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properties of the element ; for empirical relations have been 
found to hold between the elastic constants and such properties 
as the melting point, the latent heat of fusion and the atomic 
volume, and some attempt at explaining the existence of these 
relations can be made by regarding all these properties as 
determined ultimately by the forces which control the atoms in 
their vibrations. Thus the melting point may be regarded as 
the temperature at which the energy of the oscillations of the 
atom becomes so great that they exceed the limits of its sphere 
of influence, the latent heat of fusion as the difference between 
the energy of an atom when it is an oscillator of frequency v 
and when it is a free atom at the same temperature. A great 
number of relations of this nature have been suggested and 
confirmed by experiment, but a detailed description of them 
would lead us too far. The conclusion which it is important 
to draw is that then* is no need for separate hypotheses as to 
the structure of the atom in order to explain each of the various 
mechanical properties, the specific heat and those optical* pro- 
perties which depend upon frequencies in the infra-red ; if an 
hypothesis could be devised which would predict for the forces 
acting between the atoms of a solid element values from which 
one of these properties might be deduced satisfactorily, then that 
hypothesis would explain equally all these properties. The 
problem of atomic structure is greatly simplified by these con- 
siderations 1 . 


118. In Chapter II we saw that every body which shows 
normal dispersion in any part of the visible spectrum 

Optical and . 1 n , , 

chemical (that is, every transparent body and probably every 

piuj-e.^es. body) must possess natural frequencies in the ultra- 
violet, and that these ultra-violet frequencies represent the 
vibrations of electrons within the atom or molecule. From a 


1 It is perhaps remarkable that, if the specific heat of a substance is so closely 
related to its mechanical and optical properties, the former property does not 
behave more like the latter in respect of the variations on which the classifications 
of § 116 were founded. However it is probable that the specific heat of an element 
does not appear to be so distinctly a pei iodic function of the atomic weight as its 



118] 


OPTICAL AND CHEMICAL PROPERTIES 


313 


complete knowledge of the dispersion of the substance we could 
find out the frequency of these vibrations and also the number 
of electrons in each atom which execute them, but there are great 
practical difficulties to determining these quantities with accuracy, 
because we do not generally know how many different natural 
frequencies there are , our calculations have usually to be based 
on the assumption that there is only one ultra-violet frequency, 
and this assumption is almost certainly untrue. Nevertheless 
some useful information can be obtained. 

Let us first consider the number of electrons m each molecule 
which have natural frequencies in the ultra-violet. If it is 
assumed that all these electrons have' the same natural frequency, 
sn that there is only one absorption band m the ultra- viMet, this 
quantity can be calculated by the principles of § 28. The results 
obtained by measurements on substances which have no absorption 
band in the visible spectrum show that the quantity p is additive, 
that is to sav, if we attribute to each atom in the molecule a 
certain value of p characteristic of that atom, then, in general, 
the value of p for the whole molecule will be the sum of the 
values of p for the atoms which it contains. Hence we may 
regard each atom as contributing a definite number of electrons 
which have natural frequencies in the ultra-violet. However the 
number contributed by any atom is not quite independent of 
the state of chemical combination of that atom ; the number 
contributed by an oxygen atom is different according as it is 


combined in the form C = O or in the form 


and the 


number contributed by a carbon atom is different according as 
it forms part of an ‘open chain’ or a benzene ring; in general 
it may be stated that if atoms are joined by a ‘ double bond ’ the 
number of electrons which they contribute is less than if they are 


boiling point mainly because the variation of the value of C’/C'o for different 
elements at oidinary temperatures is so slight that the periodicity has not been 
detected. But it is certainly strange that the specific heat of compounds should 
not be as completely independent of those of the atoms in the compounds as is the 
boiling point. As has been said, the theory of this paragraph may not be strictly 
applicable to compounds, because such bodies may have natural vibrations within 
a molecule which are quite unconnected with those forces between the molecules 
which alone are called into play by mechanical forces. 
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joined by a single bond. The following table gives a few values, 
of jo for certain atoms and groups of atoms 1 : 

H 107 O (in form C = O) 1 *84 Br 3 95 

C 1-63 0 (in form 235 I 2-49 

N 2-36 Cl 4-17 F V48 

In the ease of H, 0, N, C the value deduced for p from a study 
of the compounds of those elements agrees well with that deduced 
from a study of the dispersion of the elements themselves. But 
in the case of the halogen elements, the dispersion of the elements 
themselves indicates that only one electron per atom is involved 
in the absorption band. 

From the fact that the values of p calculated by this method 
for a given atom depend to some extent upon the state of chemical 
combination of that atom it must not be concluded at once that 
the number of electrons associated with it really depends on that 
state. For p is only the number of electrons of which the natural 
frequencies are so near the part of the spectrum which can bo 
investigated that they affect the dispersion in that region, and 
we have seen that there are probably a large number of other 
electrons which have frequencies so great that they do not affect 
the dispersion. Perhaps the distinction between the two classes is. 
not perfectly sharp and an increase in the frequency of an electron 
due to chemical combination might cause it to be transferred 
from the first to the second class, so that the value of p was 
decreased. Estimates of p only tell us the number of electrons 
having natural frequencies in an ill-defined region in the ultra- 
violet, but, as we shall see, valuable considerations may be based 
on them. 

When an absorption band lies in the visible spectrum or in 
the part of the ultra-violet which can be investigated with ease, 
a study of it based on equations (78), (79) leads to a more direct 
knowledge of the value of p for the electrons involved in that 

1 p is calculated on the assumption that e/»t 0 has the value 4*5 x 10 17 and not 
the usual value 53 x 10 17 (see footnote, p. 46). The abnormal value of e/m 0 is 
doubtless connected with the fact that the value of p . appears to decrease with 
increase of temperature. 
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band. It is found that absorption bands (of solids and liquids 
at least) can be divided into two classes ; first, narrow absorption 
lines in which the absorption is very intense and accompanied by 
metallic reflection of the light ‘ absorbed ' ; second, much broader 
absorption bands in which the absorption is much less intense 
and unaccompanied by any special reflection. To the first class 
belong the lines which give to many artificial dyes their intense 
colour; to the second the bands to which the colour of such 
substances as copper sulphate is due. In the first class it is 
found that the value of p for the molecule is about 1 , the 
absorption band represents the natural frequency of one electron 
in the molecule 1 . In the second class p.ejm turns out to be of 
the order of instead of 10 18 , so that if we regard the vibrating 
system as an electron, there can only be one electron concerned in 
about 1000 molecules. On the other hand, if we regard the 
vibrating system as an atom, we should often have to suppose 
that the atom carried a charge of more than lOOe. Either of 
these hypotheses is very difficult ; we have no reason in many 
of these cases to suppose that all the molecules are not in the 
same condition 2 , nor is there any reason to suppose on any other 
ground that an atom can carry a large multiple of the electronic 
charge. 

It should be noted that this proof that a single absorption 
band never represents the vibrations of more than a very small 
number of electrons in each molecule shows that the estimates 
of the number of electrons having natural frequencies in the 
ultra-violet based on the assumption that these frequencies are 
all the same are unreliable. But if the absorption frequencies 
are not very far apart the results of the calculation will not err 
in order of magnitude. 

So much for the number of electrons giving rise to an 
absorption band ; a few words must be said on the influence of 
the chemical constitution of the body on the position of those 

1 Sometimes the number is more nearly two, sometimes it is only a half. In 
the last case it must be supposed that polymerisation occurs in the solid state. 

2 There are cases in which chemists have attempted to explain the presence of 
absorption bands by supposing that molecules of two kinds are present, but it 
seems probable that the bands in these cases belong to the first class rather than 
the second. 
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bands. The technical importance of this relation for dyeing and 
other industries has led to the accumulation of an enormous 
number of facts concerning it, but unfortunately they are not 
of such a nature as to throw much light on the physical problem. 
To the dyer it is of immense importance whether or no an ab- 
sorption band falls within the visible spectrum ; to the physicist 
it is of no importance at all. Attention has been directed mainly 
to the influences which cause the bands to fall within the 1 visible 
spectrum, and those which cause the band to move from one 
part to another of the ultra-violet have been neglected ; various 
theories have been put forward to account for the presence of 
bands in the visible spectrum which take no account of the fact 
that there arc always absorption bands in the ultra-violet. But 
it has been proved that there are definite chemical groups (called 
‘ chrornophores ’) which tend to move the absorption bands from 
the ultra-violet to the visible spectrum, that is to lower the 
frequency of those bands These groups are in almost all cases 
such as contain ‘ double bonds,’ and it may be said in general 
that they are such as to cause the molecule to be chemically 
unstable ; for in general ‘ unsaturated compounds ’ are less stable 
chemically than ‘ saturated.’ The general conclusion, if it can 
bo substantiated, that the less stable chemical compound is 
characterised by lower natural frequencies of the electrons con- 
tained m it is of great importance. It must be remembered — 
for the point is usually ignored by chemists — that in all cases 
which have been investigated the intense absorption bands which 
cause the colour of dyes represent the vibrations of electrons and 
not of entire atoms or groups of atoms. On the other hand the 
frequency of the vibration of these electrons undoubtedly depends 
on the whole constitution of the molecule rather than on that of 
the individual atoms contained in it. It is found that in solid 
substances a rise of temperature tends to lower the frequency 
of the absorption bands. 

The natural frequency of the electrons in a substance is 
indicated, of course, not only by its dispersion and absorption 
spectrum, but also by its emission spectrum. Such facts as are 
available concerning the emission spectrum of an element and 
its chemical properties have been briefly stated in § 87 ; it appears 
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that there is a great similarity between the spectra of elements 
of the same chemical group, and the quantities which define such 
spectra have been shown to be functions of the atomic weight 
of the element and consequently also of such properties as its 
boiling point and atomic volume. Little is known of the precise 
relation between the spectra of elements of different groups beyond 
the fact that the constant N 0 is very nearly the same for all. 
Of the relation between the emission spectrum of a compound 
and its chemical constitution still less is known; our ignorance 
arises partly from the fact that the processes which excite 
emission spectra often cause a change in the chemical con- 
stitution. However a large number of facts are available in 
the case of organic compounds as to the relation betweeh their 
composition and the spectra which they emit under the influence 
of kathode rays or when they are made to fluoresce. Here again 
undue attention has been paid to that part of the emission 
spectrum which is visible ; it is possible that if the range of 
observation were extended the results of it would appear less 
chaotic. In the present state of knowledge it is impossible to 
draw from such evidence any valuable conclusions affecting the 
structure of the atom or the forces which bind the atoms into 
a molecule. The relations which can be traced between optical 
and chemical properties are certainly less definite than those 
described in the last paragraph between optical and mechanical 
properties, but in the next chapter we shall see that they suggest 
interesting conclusions. 

A few remarks may be made about the constant iV 0 . If it 
is indeed a universal constant, it should be on our theory a 
function of the universal constants e, «/,„ c, It, k t The only 
function of these constants which has the dimensions of a 
frequency is vt 0 c 2 /h f and the value of this expression is 3*8 x 10 9 c, 
while A fl is about 10 5 g\ Since these numbers are so different it 
is rather improbable that N 0 is simply a function of the universal 

1 It is of course possible that the gravitational constant might also enter into 
the function ; its use renders the problem indeterminate. The readei must be 
warned against the mistake of supposing that such a function as m 0 e 3 /e 2 has the 
dimensions of a time. The value of this quantity is not determined only by 
the choice of the unit of time, but also by the choice of the unit of k in 
equation (1). 
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constants, for the argument from dimensions usually leads to a 
value differing from the true value only by a comparatively small 
factor 1 . The most recent work seems to show that N 0 is not quite 
the same for all elements ; it may depend on some quantity, such 
as the radius of the atom, which is nearly but not quite the same 
for all elements. 

119 . It appears that in certain circumstances the electrons 
Free contained in an atom can be freed from the forces 

electrons. which hold them and emerge as free electrons. In 

some cases the emergence appears to be due to the vanishing of 
the restraining forces and to require no external work (as in the 
case of the free electrons in metals), in others it is due to the 
communication of energy to the electron by external forces (the 
photo-ele«trie effect, secondary /S rays, and the ionisation of gases). 
Can we connect the power of a substance to give off electrons 
with any of its other properties ? 

In the case of the free electrons of conductors the connection 
is obvious. The best conductors 2 are all metals in the chemical 
sense; they are all highly electro-positive elements which are 
capable of appearing in suitable solutions as positively charged 
ions. A positive electrolytic ion is doubtless an atom which has 
lost electrons, and the conclusion is clear that the properties of an 
atom which make it give off free electrons in the solid state are 
also those which make it lose electrons in aqueous solutions; 
since these last properties determine the chemical behaviour of 
the element-, there is a direct connection between the conductivity 
and the chemical behaviour. The connection would be still clearer 
if it appeared that the number of free electrons per atom in the 
solid metal were equal to the number which the atom loses 
when it becomes an electrolytic ion, that is, equal to its valency ; 
determinations of the number of free electrons in a metal are 
very difficult because of the uncertainties attaching to the theory 

1 There are, of course, quite obvious reasons why the factor always turns out to 
be small; it is always very difficult to measure accurately a quantity which is a 
very large multiple of the standard which is employed to measure it. 

2 The conductivity of a conductor is not, of course, simply proportional to the 
number of free electrons which it contains, but the good conductors as a class do 
differ from the bad by contairfing many more free electrons. 
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of Chapter III, and it cannot be said that there is any evidence 
for such a relation ; indeed, in spite of the results given in Table IV 
(p. 64), it is not certain that there is ever more than one free 
■electron per atom. 

The study of the secondary (3 rays (of which we must regard 
the photo-electrically liberated electrons as a special case) does not 
yield much information as to the capacity of an atom to give off 
electrons ; for, first, the number of electrons given off from any 
piece of matter is always a very small proportion of the number 
of atoms in it and is wholly independent of the number of electrons 
which each atom could give off, and, second, the energy of the 
emergent electrons, so far as it depends on the material from 
which they come, is probably determined by the forces at the 
♦surface of the material rather than by those which restrain the 
electron withm the atom. We can only note that w 0 is very much 
greater for compounds than for metals because in the former class, 
but not in the latter, work has to be done to detach an electron 
from the atom as well as to drag it from the surface of the 
material, and that, since in compounds the value of w 0 seems to 
depend m a definite way on the chemical character, the forces 
restraining the electron in the atom are probably those giving 
rise to the chemical combination. 

120. ¥ rom the study of ionisation we might hope to obtain 

ionisation more information as to the processes which determine 
of gases the loss of electrons by an atom. There are two 

quantities which might be measured and possibly connected with 
the other properties of the atom, namely the number of electrons 
which an atom can lose and the work required to detach those 
electrons. 

When a gas is ionised by a or /3 rays of considerable speed 
(of course we regard the ionisation due to X and <y rays as a 
special case of ionisation by /3 rays) there is no clear evidence 
that more than one electron can be detached from an atom ; 
it has been maintained that in some cases doubly-charged positive 
ions appear, from which two electrons have been detached, but 
the existence of these ions is uncertain and at the most they 
are present in very small proportion. On the other hand in 
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the conditions which give rise to the positive rays (§ 54), when 
the ionisation is effected by ft rays or by positive particles 
of comparatively low speed, there is no doubt that multiply- 
charged atoms, which have lost several electrons, are produced. 
The facts which result from the researches of J. J. Thomson are 
complicated and difficult to arrange in any definite scheme, but 
the following conclusions can be stated. All atoms and many 
molecules can appear as singly-charged positive ions which have 
lost one electron ; in most cases a complex molecule is, in part 
at least, broken up into its constituent atoms or into simpler 
molecules, but there is no evidence to determine whether this 
splitting up is a direct or indirect consequence of ionisation. 
There appears to be some connection between the valency of an 
atom (i.e. the number of electrons which it could lose if it formed 
an electrolytic ion) and the number of electrons which it actually 
loses when it becomes a positive ray. Thus the hydrogen atom 
usually loses one electron, while the carbon atom usually loses 
four. But the relation is not simple ; the oxygen and nitrogen 
atoms usually lose two electrons, while the inert gases (argon and 
helium) often lose three , the value of e/m for some particles is 
most easily explained by supposing that they consist of aggrega- 
tions of atoms the existence of which there is no reason to suspect 
on other grounds, such as a doubly-charged molecule H :i . The 
greatest number of electrons which is known to be lost by one 
atom is eight, in the case of mercury. Thomson believes that there 
are two kinds of ionisation, one resulting in the production of 
singly -charged particles and probably due to the action of ft rays, 
the other resulting in the loss of the maximum number of electrons 
possible and probably due to the action of the positive particles. 
But this conclusion is somewhat speculative. 

The formation in the same conditions of negatively charged 
particles, which doubtless represent atoms or molecules which 
have gained an electron, is certainly connected with the chemical 
properties of the atom. The electro-negative atoms which gain 
electrons in electrolytic solutions are those which appear most 
readily negatively charged in the ‘ positive ’ rays ; the chief 
exception to this rule is hydrogen, which seems to form negative 
particles as easily as positive. 
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If we could measure the energy required to ionise an atom, 
that is to detach an electron from it, we should doubtless obtain 
very valuable information as to the constitution of the atom. 
But the problem is very difficult and, m order that the nature 
of the difficulties may be realised, it will bo well to consider a 
rough theory of how an atom might be ionised by a moving 
charged particle. 

When the atom is not ionised the electrons within it are 
doubtless restrained in their positions or orbits (for they may be 
m motion) chiefly by the attraction of the positively charged 
portion of the atom. The passage of a rapidly moving charged 
particle through such a system will be similar to the passage of 
a comet through the solar system ; the comet is somewhat 
deflected from its course and, if its mass is not too small, pro- 
duces perturbations in the orbits of the planets to which it 
communicates some part of its kinetic energy. The general 
problem of determining the path of the comet and the changes 
of enAgy in any circumstances cannot be solved completely, but 
the case when the comet affects and is affected by only one 
planet may be treated simply. We may suppose that the planet 
is not acted on by any other forces than those due to the comet, 
the effect of the forces restraining it in its orbit being practically 
equivalent to an increase in its mass. Let e u m u e 2 , m, 2 be 
the charges and masses of the comet and planet, v their relative 
velocity when the comet is still far away, b the distance of the 
planet from the line representing this relative velocity or the 
distance to which the comet and planet would approach if the 
former were not deflected, 20 the angle through which the comet 
is deflected, T=\m l v‘ 1 the original kinetic energy of the comet, 
and ST the loss of energy which it suffers. Then, if the force 
between the comet and planet is due to their charges and equal 
to e l we find 


* sin 2 0 — 



.(251); 


ST/T = 


4 m, m 2 . , 

7 , \ 2 sm “ 

(iih + m 2 f • 


0 


(252). 

21 


C. E. T. 
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If 0 is small and the comet little deflected, and if we put w, = m it 
e x = e 2 , we obtain 


8T/T = sin 2 0 


(253), 


and 


S2 T = 


\r'T 


,(254). 


These conditions probably represent approximately the inter- 
action between a swift /5-ray and the electrons in the atom 
through which it passes. Since such a ray can form many 
thousand ions, the amount of its energy which it gives up at 
one encounter with an electron in an atom must be small ; from 
(253) we see accordingly that 0 must be small and we may con- 
clude, in accordance with the experimental facts, that the ionisation 
caused by such a rapid ray need not be accompanied by a marked 
deflection of it. Further we see from (254) that the loss of 
energy by the ray at a single collision is proportional to 1 jT\ 
since the number of collisions and the quantity b are probably 
independent of v, we arrive at the experimental law (181) that the 
rate at which the ray spends energy along its path is inversely 
proportional to its energy. Numerical calculation will show that 
a /5-ray having a velocity of 10 10 cm. /sec. (i.e. the slowest ray 
emitted by a radioactive substance) will not be deflected through 
a right angle unless b < 10~ 12 cm. and will not give up even 
a thousandth part of its energy (which is probably about the 
amount required to ionise) unless b < 10~ n cm. The corresponding 
values of b will, of course, be still less if the velocity of the ray is 
greater. 

When the ‘comet’ is an a particle similar calculations are 
impossible because the particle is so much larger than the electrons 
in the atom that it doubtless does not react with them as a whole ; 
the forces exerted by such a particle in an electron are probably 
determined by the forces inside the particle rather than by those 
outside it, and of these forces we have no knowledge whatever. 

On this theory we should expect that the average amount of 
energy which a ray would expend in producing a certain number 
of ions would be considerably greater than the amount required to 
detach the electrons ; for the ray may waste energy either by giving 
to an electron a velocity too small to carry it outside the atom, 



120 ] 


IONISATION OF GASES 


323 


so that it does not appear as an ion, or by giving it a greater 
velocity so that the electron leaves the atom with a finite speed, 
though only one ion is formed. In the last case, part of this 
‘ waste * of energy may only be temporary, for if the ejected 
electron possess more than a certain amount of energy it would 
be able to ionise a fresh atom ; but energy would be wasted by 
giving to electrons a velocity greater than that needed to carry 
them clear of the atom and yet insufficient to enable them to 
ionise another atom. 

Some information as to this waste of energy might be 
obtained by investigating the velocity with which the electrons 
leave the ionised atoms. It is scarcely possible to conduct 
such investigations when the substance ionised is a gaS, but it 
has been found that when ionising rays fall on solid substances 
they cause the emission from them of electrons, possessing 
velocities too small to ionise gases. When this emission was first 
discovered the electrons thus liberated by a-rays were termed 
‘ S-ray^ ’ and those liberated by /3-rays ‘ secondary kathode or 
/3-rays.’ They may be confidently identified with the electrons 
liberated when a gas containing the same atoms is ionised ; but 
the first name may still conveniently be applied to them. It 
appears that the velocity with which these S-rays leave the solid 
substance is quite independent of the nature and velocity of the 
ionising rays, so long as this velocity is considerably greater than 
that required for ionisation, and that there is no evidence whatever 
that it varies with the nature of the substance ionised. The 
velocity is not the same for all the rays ; about half of them have 
a velocity less than 2 volts, about 0'9 a velocity less than 10, and 
all of them a velocity less than 30 volts. We cannot immediately 
identify these velocities with those with which the electrons leave 
the atoms, for some of the electrons probably come from layers 
below the surface and may have collided with other atoms on their 
way. But the layer from which they come is very thin, certainly 
thinner than the thinnest films of solid material which can be 
prepared, and we should expect a considerable proportion of them 
to possess the velocity with which they were emitted. It is very 
curious, therefore, to find that, even when the ionising rays are 
electrons having a velocity of several thousand volts, none of the 

21—2 
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S-rays seem to possess a velocity between 30 volts and a value 
near that of the ionising rays, this latter value being that of the 
‘ scattered 5 rays ; on our theory of the action of a /3-ray on the 
electrons in an atom we should expect to find all velocities between 
that of the incident rays and zero. 

On the other hand the considerations which have been ad- 
vanced might explain the fact recorded on p. 168 that, while the 
energy spent by a ray in passing through a given layer of matter 
depends only on the number and nature of the atoms in that 
layer, the amount of ionisation produced depends on their chemical 
combination. For the energy spent would probably depend almost 
entirely on the number of electrons in the layer, while the fraction 
of that energy actually used in liberating electrons would depend 
on the forces restraining those electrons in the molecule. But if 
it is true that the velocity with which the electrons are ejected 
is independent of the nature of the material this explanation is 
not so plausible. It seems preferable to suppose that ionisation 
is not a direct effect of the action of the charged particles in the 
rays on the electrons in the atom ionised and that the energy 
lost by the ray is spent in penetrating to the interior of the 
atom, the ejection of the electron from ifc being a secondary 
result of the presence of the charged particle within the atom. 
An a particle doubtless requires more energy than a ft particle in 
order to penetrate within the atom, and so an explanation might 
be found of the fact that at very low speeds an a particle is much 
less efficient in producing ionisation than a ft particle possessing 
less energy. If we could suppose that the chance of ionisation 
being produced by the presence of a charged particle within the 
atom depends simply on the time during which that particle is 
within, we might explain the remarkable fact (p. 177) that the 
ratio of the ionising powers of a- and /3-rays of equal velocity is 
constant for all values of that velocity above a certain limit; for 
rays of equal velocity would be those which remain equal times 
within the atom. 

It appears then that measurements of the ratio of the amount 
of energy spent by the rays in a gas to the number of ions 
produced do not necessarily give us much information as to the 
work necessary to detach an electron from an atom ; they can. at 



121 J 


ENERGY OF IONISATION 


325 


most give us a maximum estimate of that work 1 . Hence the 
numbers given on p. 169 for the number of ions produced in air by 
an a-ray only show that the work required to detach an electron 
cannot be greater than 37*5 volts. Another, and probably closer, 
maximum estimate is given by the least energy of a ray which 
will produce any ionisation at all ; the experiments on ionisation 
by collision give this energy as between 21 volts (nitrogen) and 
1 1 volts (helium) ; more direct experiments by Lenard give the 
value 11 volts for many substances. But we are not so much 
interested in the absolute value of this quantity as in its variation 
for different substances ; the uncertainties as to the exact nature 
of ionisation make it impossible to draw from such measurements 
any conclusions as to this variation. The least energy required to 
produce ionisation may vary, not because the work required to 
detach the electron varies, but because the proportion of the whole 
energy lost which is spent in performing that work varies. It is 
impossible at present to deduce from such observations any valuable 
conclfisions as to the structure of the atom. 

It may be mentioned, however, that the estimates just given 
agree in order of magnitude with those which we should expect on 
general grounds. The energy required to remove a charge - e to 
an infinite distance from a sphere of radius a bearing a charge -f e 
is e. e/a. Outside a sphere of radius about 2 x 10~ 8 cm. an atom 
behaves as a point charge at the centre of the sphere ; using this 
value for a we find that e/a is about 7 volts. 

121. Of the properties of matter placed in class III there 
Magnetic remain for consideration only the paramagnetic and 

properties. diamagnetic susceptibilities. And of these little can 

he said. The fact that the paramagnetism of iron (for example) 
depends so greatly on its state of chemical combination indicates 
once more that the electrons concerned in it are those concerned 
in chemical action, but no correlation appears to have been traced 

1 Assuming, that is, that the work required to detach the electron is derived 
from the ionising rays. An alternative theory, similar to that mentioned on p. 290, 
according to which this energy is derived not from the rays but from the atom, has 
been proposed to solve this and every other difficulty connected with ionisation. 
The objection to this theory is that there is no evidence that the energy of ionisation 
s ever greater than that lost by the rays. 
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between the paramagnetic susceptibility and other properties. It 
is uncertain whether the diamagnetic susceptibility really belongs 
to class II or to class III. But a reference should be made to the 
difficulty raised on p. 150, that, if the magnetic properties are due 
to the presence of revolving electrons, these electrons should be 
sending out radiation and losing energy, whereas no kind of 
radiation peculiar to magnetic bodies has been discovered, and 
there is no evidence that a supply of energy is required to 
maintain their magnetism. We have seen in Chapter XI that the 
whole theory of the emission of radiation by accelerated charged 
systems is uncertain, so that it is useless to enter on detailed 
speculations for the solution of the difficulty; but it may be noted 
that according to (229) it is not necessary that the radiation from 
a large number of electrons should be the sum of the radiations 
which each would emit if it were alone. If there are two electrons 
very close together characterised by equal and opposite values of 
f, the value of D and H at distant points due to the pair will be 
zero and there will be no radiation ; an illustration of this principle 
is to be found in the absence of radiation from a circuit round 
which a steady current is flowing, when the tendency of one 
electron to radiate is counteracted by that of the others ; we may 
regard one electron as absorbing the radiation emitted by another, 
so that no energy on the whole is lost. Accordingly if a magnetic 
substance contains a large enough number of electrons, accelerated 
at any instant in different directions, the radiations due to the 
whole system would be zero. Again, according to the Planck - 
Einstein theory we might suppose that the electrons never have 
the opportunity to acquire the energy hv, which they must possess 
in order to radiate, because the frequency of the light which they 
would emit if they radiated at all is so great. 

122 . We must now turn our attention to the properties of 
class II and endeavour again to discover relations 
Radioactivity. jj e t ween them which will throw light on the structure 

of the system to which they are due. 

Since mass is a property belonging to class II (that is since 
the mass is ‘conserved’), we must regard the mass of any con- 
stituents of which we regard the atom as composed as independent 
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of their association. It is perhaps just worth while making this 
remark in view of the anomalies concerning the mass of electrons 
which were noted on p. 178, but it is not of any importance for 
our discussions. Nor is it possible to deduce any information of 
importance from the second property of this class, radioactivity. 
Beyond the fact that, with the possible exception of potassium 
and rubidium, the radioactive elements are those which have 
atomic weights greater than 208, not even an empirical relation is 
known between the radioactive properties of an element and its 
other properties. Nor have we at present even a vague outline of 
a theory of those properties. When the property was first dis- 
covered and it was imagined that the probability of an atom 
disintegrating depended on its age, it was suggested \that the 
instability which finally led to disintegration was due to the slow 
radiation of electrons revolving in the atom (such as those to 
which we have attributed the property of diamagnetism), in- 
volving a gradual loss in their energy and, finally, a change in 
their tu*bits. But since it appears certain that radioactive atoms 
‘die/ not of old age, but by accident, this theory is obviously 
unacceptable. 

123 . Much more information can be obtained from a study of 
Scattering of action of material bodies on a- and /3-rays which 
a- and /3-rays. p ass through them. In all cases there is a scattering 
of the rays, some of the particles being deflected from their 
original direction. The view is generally accepted that this 
scattering arises from the forces exerted on those particles by 
other particles contained in the atoms through which they 
pass, and that the analogy of the passage of a comet through 
the solar system, which was introduced in connection with the 
ionisation of gases, is applicable to this action also. If it is 
assumed that the force between the particle in the rays (carrying 
a charge e x ) and that in the atom (carrying a charge e< 2 ) is e^fr 2 , 
where r is the distance between the particles, (251) will give the 
value of 29, the deflection of the ray by a single encounter. By 
considering the probability that a ray will pass within a distance b 
from the deflecting particle in the atom, the probability that it 
will suffer a given deflection at a smgle encounter is easily 
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calculated. If the particle makes more than one encounter, the 
problem of determining the probable deflection from assumptions 
concerning the charges and masses of the particles becomes more 
complicated, but so long as the total deflection is small the 
calculation can be carried out ; it is found, of course, that the ratio 
of the probability that a particle will suffer a given deflection 0 X to 
the probability that it will suffer a deflection is different according 
as these deflections are produced at one encounter or at several ; 
consequently the comparison of the number of particles deflected 
through different angles can be used to determine whether the 
deflections me produced at one or at several encounters. 

In the case of a-rays passing through layers of material which 
represent only a small portion of their range there is no doubt 
that the deflections produced are due to single encounters. More- 
over, even when the angle of deflection is more than a right angle, 
the a particle loses only a very small proportion of its energy at 
a single encounter ; therefore, from (252), the mass of the deflecting 
particle must be very great compared to that of the deflected 
particle and in (251) we may write rti^vu = 0 1 . The probability 
of a given deflection now becomes a function of ejm for the 
deflected particle and e 2) the charge on the deflecting particle. 
The former quantity is known and hence the latter may be 
calculated from the observed value of the probability. In this 
way it is found that e» for the deflecting particles in gold is about 
lOOe, and that generally the value of e 2 for any substance is Ne, 
where N is a number intermediate between the atomic weight 
and half that number. The remarkable conclusion appears that 
the deflecting particles are certainly not electrons, but such as 
carry very much greater charges, the magnitude of this charge 
being determined by the atomic weight of the substance. No 
evidence is obtained by such experiments as to the sign of these 
charges. 

In the case of the /3-rays it is less certain whether the 
scattering actually observed is simple (i.e. the result of single 
encounters) or compound (i.e. the result of many encounters). 

1 m 2 is the k effective mass ’ of the deflecting particle and will be great if that 
particle is restrained from moving under the reaction of the deflection by powerful 
forces, even if the actual mass i& not great. 
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Probably both types of scattering are important in producing the 
actual deflections. Hence it is not possible to deduce from the 
observations certain evidence as to the nature of the particles 
which are producing the scattering, but it appears quite consistent 
with the experimental data to suppose that in this case also the 
scattering is largely, if not entirely, due to encounters with the 
particles carrying large multiples of e, the existence of which is 
proved by the observations on a-rays. It appears certain that all 
the scattering cannot be due to encounters with electrons only, 
but if there is any considerable amount of compound scattering- 
involved in the deflections which art 1 observed, this scattering 
may well be due to encounters with electrons. 

The results which have been obtained by experiments on the 
stopping power of various materials for a- and /3-rays are less easy 
to interpret. The loss of energy suffered by such rays in passing 
through matter may be due to the same process as causes the 
deflection; if the ratio where m 2 is the effective mass of 

the deflecting particle, is not infinite, there will be a loss of energy 
given by (252). But the most recent calculations show that, 
while the deflection of the a-rays is due to interaction with 
particles of large mass, then* absorption is probably due to 
interaction with electrons. On this hypothesis many of the 
quantitative relations of § 73 can be explained and values obtained 
for the total number of electrons in an atom which agree well 
with those indicated by other arguments. 

When the loss of energy of /3-rays in passing through matter 
is measured and relation (178) obtained, the electrons concerned 
have probably lost their energy by encounters with other electrons ; 
for the mass of the multiply-charged centres is doubtless so great 
compared with that of an electron that an electron would not lose 
any appreciable portion of its energy by an encounter with them, 
unless it were deflected through a large angle and so disappeared 
from the emergent rays. On the assumption that the energy 
is lost in this case by collision with the electrons contained in the 
matter, and that the effective mass of these electrons is not very 
different from m Q > a minimum estimate of the number of electrons 
in the matter can be obtained by (254). For if there are iV 
electrons per unit volume of the matter the number in a layer x 
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for which the value of b will lie between b and b + db is 27 rbdb . Nx\ 
consequently the loss of energy of a ray in passing through this 
layer is given by 

T.BT= Nx J*‘ - db = 2 tt iW log ^ . x (255). 

The widest possible limits for the integral are set by the fact 
that the rays are not deflected through more than a right angle 
and that b can never be greater than the distance between two 
atoms ; hence we may take b x — 10~ 12 cm., h, = 10~ H cm., and obtain 


T.&T= 2*8 x 10 ~^Nx. Now from (180) 

T.bT = m -px (25G), 

O 

so that N = 7 x 10 (257). 


For aluminium and gold a is 7*32 x 10 42 and 2 54 x 10 4 * respectively. 
Inserting these values in (257) we find that aluminium cftnnot 
contain less than 0 electrons for each atom, nor gold less than 30. 
These estimates are very rough and little reliance can be placed 
on them, but they are consistent with those obtained from other 
sources of evidence and seem to show that the whole number 
of electrons in the atom is considerably greater than the number 
which was estimated from a consideration of any of the properties 
of matter in class III. It should be remarked that if it is 
assumed that all the scattering of /3-rays is due to encounters 
with electrons, the estimated number of electrons present for each 
atom of the material substance appears to be not very different 
from the atomic weight. This conclusion is, of course, in accordance 
with that which has just been stated. 

124 . All considerations as to the structure of the atoms based 
Action on on experiments on X-rays are doubtful while a satis- 
x- ray s. factory theory of those rays is still lacking; but if 

the theory of the scattering of the rays mentioned on p. 282 can 
be accepted, measurements of that scattering lead to a very direct 
estimate of the number of electrons concerned in it. It is easy 
to see from (238) that 'E ly the total energy of the radiation 
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scattered by a layer dx of matter containing N electrons per unit 
volume is J* 7r * .N . E, where E is the energy of the primary 

0 “C 

radiation crossing that layer. It should be observed that the ratio 
EJE should be independent of the quality of the rays and of 
everything except the properties of the scattering particles 1 . 
Experiment shows that this condition is certainly not fulfilled 
universally, EJE being less for hard y-rays than for soft X-rays, 
but it is apparently fulfilled over a smaller range of quality. If 
the value for E^E is measured when the rays lie within this range 
of quality and the scattering material is air, the experiments 
indicate that the number of electrons present per atom is approxi- 
mately equal to the atomic weight; the scattering of ^elements 
differing largely from those of air in atomic weight has not been 
investigated sufficiently for any conclusion to be drawn as to the 
general validity of this relation. If it were generally valid the 
scattering of a piece of matter should depend solely upon its mass 
and not on the nature of the atoms contained in it; it is possible 
that this may be true in the case of all the lighter elements, but 
it probably does not hold for the heavier ; more evidence on this 
point is required. 

The remaining features in the behaviour of substances towards 
X-rays could probably be expressed in terms of the transformation 
coefficients of X-rays into /3-rays and of /3-rays into X-rays. The 
value of these constants is not known as yet, but a rough measure 
of the former quantity is probably given by the absorption 
coefficient \ m . A study of the value of \ m for different substances 
and rays indicates that the ratio of \ m for a substance A to \ m 
for a substance B is independent of the hardness of the rays to 
which \ m applies, so long as the rays are not hard enough to 
excite the characteristic radiation in either A or B. Thus, the 
absorption of aluminium for any kind of rays is always about nine 
times as great as that of carbon for the same rays, even though 
the absolute value of the absorption of aluminium or of carbon 

1 It is unlikely that any particles other than electrons are concerned in the 
scattering, for it will be observed that the ratio decreases with the value of e/m for 
the particles. Even the multiply-charged particles concerned in the scattering of 
a- rays cannot have values for c/m nearly as large a& that for electrons. 



332 


THE PROPERTIES OF MATTER 


[124 


may vary in the ratio of 8 to 1 for different kinds of rays. The 
simplest way to explain this relation would be to imagine that the 
systems which are concerned in absorbing the rays (when the rays 
are not hard enough to excite the characteristic radiation) are the 
same in all atoms, but that some atoms contain more of these 
systems than others; aluminium, for example, would have to be 
supposed to contain nine times as many of them as carbon. But 
in the present state of our knowledge this speculation cannot be 
developed further; the systems might be electrons controlled by 
some special forces, the same in all atoms, but such suggestions are 
too vague to be useful. 

On the other hand the excitation of characteristic radiations 
of different qualities in different substances undoubtedly indicates 
the action of different systems, and the analogy between the 
X-rays and light further suggests that these systems are 're- 
sonators 5 of some kind, characterised by natural periods or at 
least by some quantity of the dimensions of a time. But here 
again speculation is useless until it can be based on a "more 
complete and satisfactory theory of the nature of the rays ; before 
we can make any suggestion as to the constitution of such 
resonators we must have some physical theory as to how the 
energy of radiation appears to be always transformed in quanta 
which depend on the time characteristic of the resonator. 

125. The properties of class I, the universal constants, are 

scarcely to be regarded as explicable by any theory 

Gravitation. J ° A J J . . 

of matter; they represent rather the conceptions in 
terms of which any theory of matter must explain the remaining 
properties. But consideration of dimensions will show that it 
might be possible to regard one of those constants as a function 
of others and so to explain it in terms of those others. Attempts 
have been made in this way to explain the universal property of 
gravitation and to regard it as a special case of the electrical 
actions the theory of which underlies all our considerations ; these 
attempts require a brief notice. 

The attempts to explain gravitation as a special case of electrical 
action are all similar to that due originally to Mosotti. It is 
supposed that gravitational attraction represents a residual electro- 
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static attraction; it has been supposed, for example, that the 
attraction of two equal and opposite charges is not equal to, but 
slightly greater than, the repulsion of two equal and similar 
charges, so that two neutral bodies, each containing equal and 
opposite charges, show on the whole a residual attraction. Any 
such theory explains why the gravitational attraction varies 
inversely as the square of the distance and if, as the calculations 
just given would appear to show, the positive and negative charges 
in an atom are proportional to its mass, the gravitational attraction 
would also be proportional to the masses of the bodies. In order 
to explain the fact, amply proved by astronomical observations, 
that the attraction between two moving bodies is determined 
simply by their instantaneous positions and not by their positions 
at some previous time, so that the attraction appears to be 
propagated with an infinite velocity, some assumption must be 
made 1 concerning the way in which the residual electrostatic 
attraction varies with the relative velocity of the bodies. Lorentz 
has jfhown that suitable assumptions can be made which are 
generally consistent with the principles of Chap. I. One of the 
main difficulties which has always beset electric theories of 
gravitation is thus removed, but it cannot be said that there 
is any evidence for such theories; there is simply no evidence 
against them. It is quite impossible to test any theory of gravi- 
tation while no variation of the gravitational attraction between 
two bodies with the circumstances in which they are placed is 
found. Experiments have been described lately in which a 
difference in the weight of a body according as it is charged or 
uncharged has been noted and it does not appear that any flaw in 
the experiments has been detected; but the observations are 
necessarily extremely delicate and some further confirmation by 
other workers must be awaited before the results can be accepted 
with confidence. If those results are confirmed, they would, of 
course, give great support to some electric theory of gravitation. 

We have now completed our general survey of the properties 
of matter and will consider briefly the speculations as to the 
structure of the atom which have been made to explain some 
of them. 



334 


THE PROPERTIES OF MATTER 


References. 

The following papery give important additional information about some of 
the points to which only a brief reference is made in the text. 

§ 117. Lindemann, Phys. Zeit. 11. 699, 1910; Debye, Ann. d. Phys. 39. 
789, 1912 ; Nernst, Zeit. f. Elektrochemie , 17. 817, 1911. 

§ 118. The papers by Erfle and by Koenisberger and Kilchling mentioned 
m the references at the end of Chap. II. A book by Ley on Colour and 
Constitution in organic compounds (Leipzig, 1911) gives an enormous numlxT 
of factH concerning this question. 

§§ 120, 123. J. J. Thomson, Phil . Mag. 23. 449, 1912 ; Ramsauer, Jahrb. 
d. Elektronik , 9. 515, 1912; Campbell, ibid. 419; Bohr, Phil. Mag. 25. 10, 
1913; Rutherford’s Radioactive Substances (1913). 

g 125. Zenneok, Encykio. d. Math. Wiss. Yol. 5. 



335 


CHAPTER XIII 

THE STRUCTURE OF THE ATOM 

126 . From the considerations of the last chapter some 
The internal information has been obtained as to the electrons 
structure contained in atoms. It appears probable that the 

whole number of electrons in any atom is not very different 
from that expressing its atomic weight, when that of hydrogen 
is taken as unity, and that the number increases regularly with 
the atomic weight and is not a periodic function of it. But in 
every atom there are a few electrons, which determine the 
properties of class III, differing greatly from the rest in the 
manner in which they are attached to the atom ; the natural 
frequencies of these electrons are much less than those of the 
remainder and they are more easily detached from the atom. 
It is these electrons which determine the dispersion of the 
substance in the ultra-violet or visible spectrum and it is these 
which leave an electropositive atom when it becomes a positive 
electrolytic ion. For reasons which will appear more definitely 
later, these electrons will be termed the 4 valency electrons ’ of 
the atom, the remainder being termed ‘fixed electrons.’ 

If, as we have assumed throughout 1 , the electrons behave as 
point charges, an atom cannot consist wholly of electrons. It 

1 It must be remembered that there is not, and there cannot be, any direct 
evidence of the nature of the forces between two electrons. It may be found in 
the future that a more satisfactory theory of the properties of matter can be 
attained by attributing to those forces a form different from that which we have 
assumed. And in this manner it might be possible to do without the conception 
of positive electricity, as a structure different from electrons. It might be possible 
to suppose that a complicated collection of electrons would behave towards another 
electron like a positively charged body. This possibility must be kept in mind 
when hypotheses concerning the nature of the atom are framed, but it cannot be 
taken into consideration here after the whole electronic theory has been based on 
the assumption that an electron behaves like a point charge of ordinary electrostatic 
theory. 
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must contain also a positive charge equal and opposite to the 
sum of the negative charges on all the electrons, which neutralises 
the effect of those charges at distant points and binds the electrons 
together. Two chief hypotheses have been proposed for the dis- 
tribution of this positive charge. The first suggests that it is 
distributed uniformly throughout a sphere the radius of which 
represents the ‘ radius of the atom ’ ; the second suggests that 
it is concentrated on a single particle round which the electrons 
are arranged; on this theory the radius of the atom is a vague 
quantity representing roughly the greatest distance of any electron 
from the positive particle. These two hypotheses are not, of 
course, the only two which have any intrinsic probability, but 
they are the only two which are sufficiently simple to enable any 
calculations whatever to be made as to the properties of the atom. 
At points outside the; radius of the atom the forces due to the 
positive charge will be the same whichever hypothesis is adopted, 
and the forces due to the electrons will differ only so far as the* 
two hypotheses lead to different distributions of the electrons 
within the atom. But even with such simple hypotheses as to 
the distribution of the positive electricity, a deduction of the 
positions which the electrons will take up under the attraction of 
the positive charge and their mutual repulsions is quite impossible, 
hence no consideration of the forces exerted by an atom outside 
its radius can lead to a distinction between the two hypotheses. 

But when a- or /3-rays penetrate solid bodies, the fact that 
they can travel considerable distances without deflection proves 
that they must pass within the radii of the atoms, and the forces 
to which they are subject must be determined largely by those 
within the radii. The conclusions given in § 123 undoubtedly 
suggest that the particles bearing the charge A r e, where N is 
not very different from the atomic weight, are the positively 
charged part of the atom, and that the view that the positive 
charge is concentrated on a single central particle rather than 
distributed throughout a finite sphere is the more correct. The 
only possible alternative would be to suppose that all the electrons 
in the atom were collected at one point in the atom so that they 
could react as a single particle, a view which it is almost impossible 
to reconcile with the evidence from other sources. 
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It is suggested then that an atom of atomic weight N consists 
of about N electrons grouped about a positive charge iVe. It is 
well to point out at once that this structure is much too simple 
to account for nearly all the properties of the atom. Consider 
for example the spectrum of hydrogen. If hydrogen contains 
only two or three electrons and a single positive charge, the 
number of degrees of freedom of the system is certainly very 
much less than the number of lines which are known to exist 
in the spectrum of hydrogen, and since a system cannot have 
more natural frequencies than it has degrees of freedom, it is 
utterly impossible on such a simple theory to account for the 
complexity of the spectrum. Consider again a radioactive atom. 
When such an atom disintegrates it emits a helium atom, which 
contains not only electrons but also a positively charged part. 
If the helium atom is actually part of the radioactive atom, we 
must suppose that its positively charged part was in some way 
differentiated from the rest of the original atom ; the ‘ particle ’ 
forming the positive part of the original atom must have had 
some structure. Arguments such as these might be multiplied 
indefinitely ; the structure of the atom must be more complicated 
than is suggested by either of the two hypotheses which have 
been mentioned and no useful purpose would be served by tracing 
in detail their consequences. 

Perhaps from other sources some suggestions as to the more 
complicated structure may be obtained. Thus the fact that 
helium is a product of the disintegration of all the known radio- 
active elements suggests that the atom of helium is in some way 
a constituent of the atoms of those elements 1 , and if, as is possible, 
all atoms are really radioactive, the structure of the helium 
atom would be involved in that of all atoms. Several attempts, 
similar to that of Prout, have been made to show that the atomic 
weights of the actual elements can all be regarded as sums of 
multiples of those of a small number of hypothetical ‘proto- 
elements,’ of which helium and hydrogen are usually taken as 
two; it is suggested that the actual elements are all built up 

1 The helium atoms making up a radioactive atom would have to be supposed 
to interpenetrate each other, for the atomic volume of the heavy elements is little, 
if at all, greater than that of helium. 
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out of these proto-elements. Other arguments for the presence 
in all atoms of some common structure more complicated than 
that of an electron have been based on the existence of the 
number iV 0 , characteristic of the spectra of all elements, and of 
the magneton, characteristic of their susceptibility. Such specu- 
lations are interesting and, in the future, may lead to important 
results, but they do not at present enable us in any case to 
explain the relations which are found to hold between the 
several properties of the same element. 

127 . However, an attempt has been made by J. J. Thomson 
Thomson’s to explain some of the most striking relationships 
theory between the different properties of the various atoms 

by assuming that these atoms contain no common structure other 
than electrons. It has already been pointed out that, if even 
we assume the simplest possible form for the distribution of the 
positive charge in the atom, the problem of determining accurately 
the arrangement of the electrons round it is quite insoluble 
except when the number of those electrons is not greater than 4. 
But it is very probable that whatever the distribution of the 
positive charge, the arrangement of the electrons has always 
certain features; the electrons will be arranged on spherical 
shells round the centre of the atom, the number of the shells 
being determined by the number of electrons present. If the 
number of electrons is increased (the positive charge being always 
equal and opposite to that on the electrons), the electrons added 
will, in general, take their place in the pre-existing shells, but if 
the number is increased still further a stage must be reached at 
which a new shell is formed. If the problem is simplified very 
greatly by supposing that all the forces between the charges are 
confined to one plane, the distribution of the electrons in a sphere 
of uniformly distributed positive electricity can be calculated 1 . 
The shells now become rings and the following numbers show 
how many electrons there will be in each ring when n, the 
total number of electrons, is not greater than 31 : 

1 The main features of the distribution would not be changed if the positive 
electricity were concentrated at one centre instead of spread over the whole 
sphere. 
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depends on the presence of a ring containing two electrons, this 
property occurs when n— 2; as n is increased it disappears and 
reappears only when n =10 and a new ring has been formed; it 
disappears again and reappears when a third ring has been formed 
and n — 22. According to Thomson’s theory, the order of increasing 
atomic weight of the elements is the order of increasing n ; if, as 
seems probable, the actual distribution of the electrons in the 
atom shows the feature which has been indicated in the simplified 
case, then, since we may suppose that the properties of an element 
are determined by the distribution of the electrons in it, these 
properties will be periodic functions of the atomic weight. As 
the atomic weight is increased, any given property will appear 
and disappear at intervals which will be approximately the same 
whatever property is chosen ; such a periodicity is, of course, 
characteristic of the actual elements. 

This theory might explain the similarity of the emission 
spectra of allied elements, for such elements would be those 
the atoms of which contain common arrangements of electrons. 
It has also been used by Thomson to explain the simpler facts 
of chemical combination. For some of these arrangements of 
electrons will be more stable than others 1 ; let us suppose that 
the most stable arrangements are those which are obtained when 
a new ring has just been formed, that is, those corresponding 
to = 6 and n = 17. It is possible that if one of the less stable 
arrangements were given the opportunity of taking up or parting 
with electrons (the positive charge remaining unaltered) it would 
tend to do so in such a way as to pass towards one of the more 
stable arrangements. An atom which tended to become more 
stable by losing electrons would behave as an electropositive atom 

1 It is quite possible that some of the arrangements given are actually unstable ; 
the calculation of the stability of such systems is quite beyond our powers. 

22—2 
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in the presence of one which tended to become more stable by 
taking up electrons. Further, the same atom might become more 
stable either by losing electrons and so tending towards the 
condition in which the last ring had just been formed, or by 
taking up more electrons and forming a new ring. That is to 
say, it would tend to become positive or negative according to 
the conditions in which it were placed, and there would be a 
relation between the number of electrons which it lost in be- 
coming positive and stable and that which it gained in becoming- 
negative and stable; it would have a positive and a negative 
valency related in some such way as is required by Abegg’s theory 
of valency (see below). 

Of course all these considerations are highly speculative, but 
they are interesting as representing the only considerable attempt 
that has been made to explain the periodic classification by 
Thomson’s conceptions of the electronic theory. It should be noted 
that the theory, while it does not deny the existence of valency 
electrons bound very loosely to the atoms, does not make the*sharp 
distinction between valency and fixed electrons which experiment 
seems to suggest. It is impossible at present to be sure whether 
this feature is a strong or a weak point of the theory. 

128. If we simply accept the fact that atoms contain valency 
valency electrons which can be readily detached from them, 

electrons. without inquiring how the forces holding these 

electrons arise, we can explain satisfactorily many of the pheno- 
mena of chemical combination. In considering these phenomena 
the theory of valency due to Abegg is helpful. 

For the question arises how many valency electrons an atom 
possesses. In the case of an atom which forms a positive ion the 
answer is obvious ; if the positive charge which the atom acquires 
when it becomes an electrolytic ion is due to the loss of its valency 
electrons, the number of those electrons must be equal to its 
valency. But in the case of an electronegative atom, the negative 
charge which it gains is due to the gain of electrons and tells us 
nothing concerning the number of electrons which it possessed 
before. However, all elements sometimes act as electropositive 
elements. Abegg calls the valency of an atom when it acts 
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electropositively its ‘positive valency/ its value when it acts 
electronegatively its ‘ negative valency/ and points out that the 
arithmetical sum of the negative and positive valencies of an 
element which is usually electronegative is 8. Thus chlorine 
may have a negative valency 1 (in HC1) and a positive valency 7 
(in Cl a 0 7 ) ; sulphur may have a negative valency 2 (in H 2 S) and 
a positive valency 6 (in SCb); nitrogen a negative valency 3 
(in H.,N) and a positive valency 5 (in N a O fi ); carbon a negative 
valency 4 (in H 4 C) and a positive valency 4 (in C0 2 ). Accord- 
ingly Drudc suggested that, in the case of an electronegative 
as well as in that of an electropositive element, the number of 
valency electrons in an atom is equal to its positive valency. 
Consequently the number of valency electrons should be greatest 
in the elements with the smallest negative valency. Some 
support for this suggestion is to be found in the numbers on 
p. 314, which show that the halogen elements (which should 
on this theory have 7 valency electrons) do possess on the whole 
a greater number of valency electrons than the electropositive 
elements. 

In what follows we shall mean by an ‘ atom ’ the positively 
charged structure devoid of valency electrons ; the positive 
valency of an atom is the number of electrons necessary to 
neutralise the positive charge ; the negative valency the number 
ot electrons, additional to this number, which can attach them- 
selves to the atom. 

129 . Stark imagines that a chemical combination between 
stark’s two atoms represents not a direct attraction of one 

theory. atom for the other, but a simultaneous attraction of 

both atoms for the same electron which thus forms a bond between 
the atoms. The simplest form of chemical combination may be 
represented diagram matically by Fig. 6, in which the large circles 
represent atoms, the small an electron and the dotted lines the 
lines of force of the electron falling partly on one atom and partly 
on the other. Further he supposes that a mono- or di-valent 
electropositive atom in the neutralised condition may be repre- 
sented by a or b, Fig. 7, the valency electrons being at an ap- 
preciable distance from the atom. The greater the positive charge 
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on the atom the greater is the force with which it is likely to 
attract the electrons which are necessary to neutralise it; we 



Fig. «. 


should expect therefore that it would be more difficult to detach 
an electron from an atom of greater positive valency, and that 





(<*) (d) 


Fig. 7. 
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the atom with the greater positive valency would be less 
electropositive. If an atom has a large positive charge it is 
possible that, even when sufficient electrons are attached to 
it to neutralise that charge on the whole, there will still be 
portions of the atom which will react as positively charged 
to an electron brought near to them ; such ‘ positive patches ’ 
are marked A in c and d , Fig. 7, which represent possible forms 
for an atom of high positive valency. An electron brought near 
to one of these patches may be attracted to the atom with 
a force comparable with that which attaches it to a neutralised 
atom of small positive valency ; so that some of the lines of 



force on such an electron would leave the atom of low positive 
valency and end on the positive patches of the atom of high 
positive valency. Thus, if four of the atoms represented by a 
were brought near the atom represented by c we might get the 
arrangement shown in Fig. 8 ; the atom c would behave as an 
atom of negative valency 4. This view perhaps suggests why 
an atom of high positive valency behaves also as an atom of 
negative valency ; the diagrams given suggest that the number 
of positive patches and, therefore, the number of negative valencies, 
should increase with the positive valency. Since as a matter of 
fact the number of negative valencies decreases as the number of 
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positive valencies increases, we may suppose that the valency 
electrons are not distributed uniformly round the atom but con- 
centrated in one part as indicated in d, Fig. 7, which shows an 
atom with five positive valencies and yet only one positive 
patch A. We must confess, however, that such an arrangement 
would not have been expected ; but if we accept the fact it is 
clear that we should expect that in the element with the lower 
negative valency and the fewer positive patches the attractive 
power of each of those patches would be greater than when 
there are many positive patches and the distribution of the 
electrons round the neutralised atom is more uniform. 

Since a chemical compound is electrically neutral, the whole 
number of valency electrons in the compound will be the sum 
of those which are required to neutralise each of the atoms 
contained in it, but the valency electrons can hardly be regarded 
definitely as belonging to either of the atoms which they join. 
The electrons which join the atoms are those which, when the 
atoms were in the free state, were attached to the atoms which 
had the smaller attraction for electrons and were, therefore, more 
electropositive 1 . But in the compound these electrons may well 
be attached more firmly to the more electronegative atom, so that 
if by any means we resolve the compound represented in Fig. 6, 
the electron which binds the compound may remain attached to 
the electronegative element rather than to the electropositive 
element and we shall obtain the electropositive atom positively 
charged and the electronegative atom negatively charged. Such 
a resolution takes place when the substance is dissolved and forms 
an electrolyte. 

The energy of chemical combination represents the change 
in the potential energy of the valency electrons connecting the 
atoms which takes place when they transfer some of their lines of 
force from the electropositive to the electronegative atom. It will 
be the greater the less the attraction of the former atom for an 
electron and the greater the attraction of the latter. Thus there 

1 Of course it must be remembered that the atom which is the more electro- 
positive is that which has the smaller positive charge and requires the smallei 
number of valency elections to neutialise its charge ; its electropositive valency is 
represented by the smaller number. 
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is a great energy change involved in the combination of sodium 
with chlorine, not so much because the sodium atom as a whole 
has a great attraction for the chlorine atom as a whole, as because 
the attraction of the chlorine atom for electrons is so much greater 
than that of the sodium atom, that the chlorine atom, even when 
on the whole it is electrically neutral, still possesses a greater 
attraction for electrons than the sodium atom when it is positively 
charged. The strongly electropositive elements appear highly 
reactive, not because they exert powerful forces, but because they 
exert such very feeble forces on electrons 1 . 


130. This theory gives a very definite meaning to the 'bonds' 
Applications of ordinary chemical notation. A bond represents 
of the theory. an e j ec ^ ron which is attracted notably by both of the 
atoms which it joins; it is readily seen that such bonds have the 
definite spatial relations which are necessary to explain the facts 
of stereochemistry, for, at least in the case of electronegative 
elements, the positive patches where the lines of force of the 
electrons end are definite regions on the surfaces of the atoms ; 
moreover the number of bonds which can be attached to an 
atom is the number representing its positive or negative valency 
according as the atoms with which it is combined are negative or 
positive. The main facts which are represented in the conception 
of valency follow directly from our theory. 

Perhaps also the theory provides some help in solving certain 
of the difficulties connected with the theory of valency. For 
instance it shows immediately that we should expect an element 
to form molecules consisting of two atoms ; for if two similar atoms 
are brought together there is clearly no reason why the valency 
electrons should attach themselves to one rather than to the other , 


they are likely to attach themselves to both and so form a bond 
between them 2 . Again it explains very clearly the difference 

1 Nothing has been said about the inert gases which have no valency. These 
may be regarded as composed of atoms which have no attraction for electrons at 
all, or, more probably, as those which, when they are neutralised by their full 
complement of valency electrons, have no residual ‘ positive patches.’ 

2 It appears that a valency electron is never attached at one time to more than 
two atoms, at least in such a manner as to give rise to chemical combination. 
Hence monovalent elements should not form molecules consisting of more than 
two atoms. 
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between a ‘saturated’ compound and an ‘unsaturated.’ A saturated 
compound is one in which each valency electron attached to the 
saturated atom is attached also to another atom, different for each 
valency electron. An unsaturated compound is one in which two 
or more of the valency electrons attached to the unsaturated atom 
are also attached to one other atom. A ‘free’ valency 1 occurs 
when one valency electron is attached to one atom only and does 
not join two atoms. A simple representation of this view is 
obtained if we draw the bonds with a ‘hinge’ in them, represent- 
ing the electron the attractions of which give rise to the bond, 
a, b, c , Fig. 9, show an atom saturated, unsaturated and with 
free valencies. It should be observed that the double bond of the 
unsaturated atom is characterised by a definite plane, as is 
required by the existence of certain stereo-isomers. 



Fig. <). 


This theory cannot, of course, give any definite explanation of 
why the behaviour in respect of valency of some atoms is anoma- 
lous ; to give such an explanation it is necessary to have a theory 
of the internal structure of the atom which ultimately determines 
its attraction for electrons. But such elements can be represented 
in our scheme. Iron, for example, which is sometimes divalent 
and sometimes trivalent, must be supposed to have three places 
to which an electron can attach itself, one of which differs from 
the other two in its power of attraction. Hydrogen, which 
is sometimes strongly electropositive and sometimes strongly 
electronegative, must be supposed to require only one valency 

1 It is for chemists to decide whether it is necessary to suppose that there are 
free valencies. Our theory only indicates that they are possible, not that they 
are probable or necessary. 



130 ] 


stark’s theory 


347 


electron to neutralise it, but at the same time to have one well- 
marked positive patch. It may be remembered that experiments 
on the positive rays show that hydrogen is peculiar in being 
almost equally likely to acquire a positive or negative charge. 
But a consideration of all the facts of chemistry according to this 
theory would lead us much too far and would probably not lead to 
any very useful conclusions. 

Stark’s theory of chemical combination is very well adapted to 
explaining the connection between optical and chemical properties. 
The optical properties for frequencies greater than the infra-red 
are determined by the forces holding the valency electrons. Since 
we regard these forces as also those which determine chemical 
combination, it is natural that there should be a very intimate 
connection between optical properties and chemical constitution. 
Indeed it is a little difficult to understand why the connection is 
not even more intimate than it is ; a bond joining two definite 
elements represents an electron attached to both those elements, 
and should expect that whenever that bond occurred we should 
find an electron with a certain definite frequency. As a matter of 
fact, the frequency associated with a definite bond depends to 
some extent also on the other bonds present in the molecule ; we 
must suppose that the electron is attached not only to the atoms 
which it joins but also to some extent to other atoms. There is 
nothing difficult in such a view, except in so far as it suggests that 
the valency of an atom should not be quite so definite a property 
of that atom, uninfluenced by other atoms, as it appears to be. 
Again we may note that the forces holding an electron are likely 
to be less intense the less stable the chemical combination ; hence 
on the whole we should expect the less stable combination to give 
rise to the lower frequencies, a relation which appears to be found 
in experiment. 

Indeed it may be noted that Stark’s theory combined with 
the Planck-Einstein theory of radiation enables us to calculate 
something about the frequency of a given bond from a knowledge 
of its chemical properties. For suppose that the heat of forma- 
tion of the bond in one molecule is E; then it would seem 
that the electron forming that bond could never have an energy 
greater than E } for if it acquired a greater energy the bond would 
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be broken. But if it cannot acquire an energy greater than E , it 
cannot emit radiation of a frequency greater than v , where E = hv. 
But these considerations do not lead to very accurate results. 
The heat of formation of KC1 is about 4*5 x 10 12 ergs per gramme 
molecule, and we find that v should not be greater than 1(F, 
which lies just in the ultra-violet; experiment shows that the 
compound certainly possesses absorption bands for which v is 
greater than 2 x 10 ,& . The discrepancy is probably due to the 
fact that the heat of formation does not accurately represent the 
greatest possible energy of the electron in the bond. 

According to Stark it is the band spectra of substances which 
represent the vibrations of the electrons concerned in chemical 
combination. It has been suggested already that the absence of 
the Zeeman effect in such spectra may be attributed to the fact, 
that these vibrations are not simply harmonic, this suggestion 
accords well with the fact that the forces acting on an electron 
between two atoms would be exceedingly complex and not likely 
to be simply proportional to the displacement. The line spectrum, 
according to Stark, is due to the electrons which remain when the 
atom has lost its valency electrons; if this view is correct the 
electrons giving rise to the line spectrum must be those in the 
interior of the atom which are not directly concerned in chemical 
combination. There are certain difficulties in this view, such as 
the intimate connection between the spectrum of an element and 
its chemical nature and the small change in the physical con- 
ditions which will change a line spectrum into a band spectrum. 
It would also be possible to suppose that the line spectrum is 
emitted by the electron when it represents a free valency and is 
attached only to one atom ; of course all the valency electrons of 
an uncombined atom represent free valencies. When it is attached 
to only one atom the forces acting on the electron are probably 
simpler and the vibrations more nearly periodic; a very small 
change in the physical conditions might cause the electron to 
throw some of its lines of force on another atom and so give rise 
to the band spectrum. A decision between the two views could 
be obtained if it could be ascertained definitely whether or no 
an atom is always charged positively when it emits its line 
spectrum. 
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Stark’s theory also gives some indication as to why the 
metallic properties, the possession of free electrons and great 
tensile strength, should be associated with highly electropositive 
elements. Such elements are those the atoms of which have a 
very slight attraction for electrons ; it is reasonable to suppose 
that, when they are neutralised by valency electrons, these elec- 
trons are not so close to the positive nucleus forming the atom as 
in the case of less highly electropositive elements. Now when 
the atoms are closely packed together in the solid state the force 
due to one atom will tend to counteract that due to the others, 
and at points which are equidistant from two atoms the electric 
field due to both of them will vanish. If the valency electron is 
so far from its atom that it lies in the region in which th$ electric 
field vanishes it will be attracted equally by each of the atoms 
surrounding it and will be subject to no resultant forces; it will 
be able to move freely through the substance. On the other hand 
the force which one atom exerts on another is likely to be greater 
if th$ valency electron is not very near the atom to which it is 
attached, so that the system of atom and electron forms an electric 
doublet of considerable moment. Sutherland has attempted to 
work out a complete theory of the mechanical properties of 
substances on the view that the forces between the molecules are 
those between electric doublets, and he finds, of course, that the 
tensile strength should be greater the greater the moment of 
the doublets. If the doublets are those formed by the valency 
electrons and the positive charges to which they are attached, the 
intimate connection between chemical and mechanical properties 
is explained at once. Indeed the ‘ molecular forces ’ of a substance 
are to be regarded as differing only in degree and not in kind from 
its chemical forces. 

This brief sketch of the speculations which have been made as 
to the structure of the atom must suffice ; a full discussion of all 
of them would occupy far too much space. It cannot be pretended 
that we have at present any but a most rudimentary theory of the 
atom ; none of the suggestions which have been made as to its 
structure lead in any case to the possibility of calculating in detail 
one property of an atom from a knowledge of the others; no 
quantitative relations can be deduced. . Until such calculation is 
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possible all the hypotheses must be regarded as somewhat vague 
and tentative, but the considerations which have been given seem 
to indicate that the fundamental ideas which underlie all these 
speculations are not very far from the truth 
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CHAPTER XIV 

THE PROPERTIES OF MOVINU SYSTEMS 

131. This last chapter will be devoted to a consideration of 
statement of certain problems which in the past have been the 
the problem subject of much discussion and difference opinion 
among physicists. These problems have little direct connection 
with those which have concerned us hitherto and our study of 
modern electrical theory would be logically complete with only the 
barest reference to them. But since, on the other hand, they arc 
of great interest and are ordinarily accounted of very great 
difficulty, some treatment of them appears to be desirable. Many 
of the difficulties which are encountered by students when they 
first turn their attention to these problems are due to the 
errors of their preconceived ideas, and readers should therefore 
consider in the first place, not whether the statements made are 
in accordance with the opinions which they already entertain on 
such subjects, but only whether those statements are intelligible, 
coherent and consistent with each other. 

The general problem which we have to consider may be stated 
thus : — Any set of bodies concerned in any experiment may be 
divided into two groups. The first group, H, includes the observer 
who is making the experiment and the various instruments by 
which he measures the properties concerned in the experiment ; 
in all actual experiments all the bodies concerned in this group 
are at rest relatively to each other. The second group R contains 
the bodies on which the experiment is made ; in some cases these 
bodies are at rest relatively to each other and to the first group ; 
in others they are at rest relatively to each other but in motion 
relatively to the first group ; in others again they are in motion 
relatively to each other and therefore, in some instances at least, 
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in motion relative to the first group. The problem is to find 
a relation between the result of the experiment in the first case 
and the result in either of the other cases, the bodies concerned 
in the experiment being the same in all instances. 

It would appear at first sight that a general deduction 
applicable to all kinds of experiment must be impossible and 
that the form of the desired relation must differ with the nature 
of the experiment. This expectation is perfectly correct; but the 
instances which we shall consider form a special class. We shall 
consider at present only those instances in which the second 
experiment differs from the first in the fact that all the material 
bodies in the group R which, in the first experiment, were at rest 
relatively to the group S are, in the second experiment, moving 
relatively to that group with a uniform velocity v. In these 
instances we shall say that in the second experiment the group R 
is moving with a uniform velocity v relatively to the group 8, 
even though there are bodies which in the first experiment were 
not at rest relatively to S and are not in the second experiment 
moving relatively to 8 with a velocity v. 

By means of a simple device we can now divide the problem 
into two parts, such that a solution of one part can be given 
which is valid for all cases, while a solution of the other is 
obtainable very easily in a large number of important cases. 
We imagine that the group R includes an observer 8 ' who is 
also making experiments on the group R , and is also moving 
relatively to 8 with the velocity v, being at rest relatively to R. 
If we can discover how the observations made by 8' on R when 
R is moving relatively to 8 are related (1) to those made by 8 
when R is moving relatively to 8, and (2) to those made by 8 
when R is at rest relatively to S, we can obviously discover how 
the observations (1) and (2) are related. 


132 . A general solution of the first part of the problem 
Principle of has long been employed to solve certain problems 
Moving Axes. dy nam j cs , The principle of this solution, which 
will here be termed the Principle of Moving Axes, may be stated 
in the following way; a consideration of its basis and meaning 
will be postponed for the present. 
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Suppose that S and S' are furnished with measuring instru- 
ments which, when compared while S and S' are relatively at rest, 
are found to be identical ; the most important of these instruments 
will be those by which the distances of material points from the 
coordinate axes and the intervals between moments of time are 
measured. Let the position of a point relative to his axes and the- 
time of an event measured by S' be denoted by (of, y', z\ t') and 
the corresponding quantities measured by S be denoted by 
(. x , y, z, t). Suppose further that the axes of coordinates employed 
by S' are parallel to those employed by S, that S takes his axis of 
x in the direction of the velocity v of R relative to $ and that the 
origins of the axes of S and S' are such that they coincide when 
t — t' — 0. Then as the result of his observations S' will arrive 
at certain laws, which will take the form of statements that a 
certain event (such as the presence of a material particle capable 
of identification) will take place at a point (x, y\ z) at a time i! if 
these quantities are such that some relation f (x\ y', z\ t') =0 is 
fulfilled. Then the Principle of Moving Axes states that S, as 
a result of his observations, will arrive at the law that the same 
event will take place at a point (x, y , z) and a time t , if these 
quantities are such that f' (x — vt, y , z , t) = 0. This equation may 
also be written f(x , y, z , v t t) y where f is some function which 
will, in general, be different from f'. 

This rule enables us to deduce from a knowledge of the laws 
observed by S' a knowledge of those observed by S by subjecting 
the former to a simple algebraic transformation in Avhich x — vt is 
substituted for x', y for y , z for z' and t for t'. A simple example 
may make the matter clearer. Suppose that one of the laws 
discovered by S' is that a certain particle is moving with a 
uniform velocity u' parallel to the axis of x . This law may be 
put in the form that the presence of this particle will occur 
whenever x —u't' = 0; then S will arrive at the law that the 
presence of the same particle will occur whenever ( x — vt) — u't = 0, 
that is whenever x — (it + v ) t — 0. In other words S will find 
that the particle is moving parallel to x with a uniform velocity 
u = u' + v . 

The Principle of Moving Axes, then, solve§ the first part of 
the problem. The second part, that of finding a relation between 

23 


C. E. T. 
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the laws observed by S' when R is moving relatively to S and 
those observed by S (or S') when R is at rest relatively to S, is 
not capable of a general solution. But there is one special solution 
which is applicable to a large class of cases. It is found in some 
cases that the results of the experiments made by S' on R are 
the same whether R is or is not moving relatively to S with 
a uniform velocity; R is then said to be physically independent 
of S . 

In these cases we have solved our original problem of finding 
a relation between the laws observed by S when R was at rest 
relatively to him and those which he observes when R is moving 
relatively to him. If R is physically independent of S , the laws 
observed by S' are identical with those observed by S when R is 
at rest relatively to him , so that when we know the laws observed 
by S when R is at rest relatively to him, we know those observed 
by S' and hence, by means of the transformation, those observed 
by S when R is moving relatively to him. 


133. However, it has appeared recently that the results of 
The Principle this solution of the problem are not always correct, 
of Relativity. The doctrine, ea ]l 0( ] by its originator, Einstein, the 
Principle of Relativity, states that this method of attacking the 
problem is of universal applicability, but that the algebraic 
transformation which is necessary to convert the laws observed 
by S' into those observed by S is not that which has just been 
given. In place of that transformation we must use the following • 


For 


x' we must substitute /3 (x — vt) 

y » » y 


t' 




V 



( 258 ), 


where 



, and c is, as always, the velocity of light. 


The discussion of the meaning and basis of this transformation 
will again be postponed, until we have deduced some of its 
consequences and shown that they are in accordance with 
experiment* 
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Let us take first the simple example already treated. With 
our new transformation the law observed by $ is that the particle 
will be present whenever 

$ (x — vt) — a\ ft{t— = 0, 

that is, whenever 

u 4 - v 

X — T-' • t — 0. 

. a v 

1 + — 

C“ 


The velocity of the particle relative to the axes of S will be 
parallel to the axis of x and will be given by 


u — 


a -F v 


1 + 


u v 
G 1 


(25!)). 


This result is not capable of immediate experimental verification, 
because we cannot determine directly the velocities of material 
particles which are moving relatively to us with a speed comparable 
with that of light. But it should be observed that if v is very 
small compared with c , this transformation becomes identical 
with that adopted before ; we could only hope to determine 
which of the transformations ought to be adopted if we study 
the properties of systems moving relatively to us with velocities 
comparable with that of light. Let us now turn to the problems 
which are of classical importance. 


134 . Suppose that R includes a source of light which, when 
R is at rest relative to S , appears to have a frequency 

The optics , . ’ . 1 r ... 1 ,, J 

of moving v and to emit a parallel beam travelling in a direc- 

s> stems tion of which the direction cosines are (l', in , n ). 

Experiment shows that this frequency and this direction are 
different according as the source of light is or is not at rest 
relatively to $ ; the change of frequency and of direction with the 
motion of the source are called respectively the Doppler effect and 
aberration 1 . Experiment shows also that in these cases the source 
of light is physically independent of S in the sense, already given, 


1 See Appendix II, 


23—2 
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that to an observer relative to whom the source is always at rest 
the source appears to have exactly the same properties whether it 
is or is not moving relatively to 8. Or, again, the source of light 
may be at rest relative to S, but between 8 and the source there 
may be a material medium through which the light travels and 
this medium may be in some cases and not in others at rest 
relative to S; it is found that the velocity with which the 
light appears to $ to travel through the medium differs with the 
motion of the medium relative to 8 ; this change of velocity is 
known as the Fizeau effect. In this instance also, although there 
is no direct experimental evidence, it is believed that the medium 
may be considered physically independent of S. The oldest 
problem concerning moving systems is that of finding a general 
means by which the changes known as the Doppler effect, 
aberration and the Fizeau effect, may be predicted from a 
knowledge of the properties of the source and of the medium 
when they are at rest relative to 8 and a knowledge of their 
velocity v relative to S . 

Let us now apply the methods of the Principle of Relativity 
and consider first the Doppler effect and aberration. Since the 
source is physically independent of the observer and his instru- 
ments, the light will appear to S' to be a parallel beam having 
the frequency v and the direction (l\ m\ n ') ; in other words the 
law observed by S' will be that the light vector will have the same 
value whenever (V, y\ z', t') are such that 


sin 2ttv it' 4 


V <r 4* ? / / y 4 n z' 


has the same value. Consequently the law observed by S will be 
that the light vector will have the same value whenever (x y y , z , t) 
are such that 


sin 27 tv < 


73 


wr\ + l' ft (x — vt) + m y 4- n'z' 
c~ ) c 


has the same value, that is, whenever 




c 
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has the same value, where 



1 = 




(m, n) — 


n’) 


(260). 


Consequently the light will appear to S to have a frequency v 
and to travel in a direction l, m , n. There will be changes in 
frequency and in direction of the light, according as S is or 
is not moving relatively to R ; the predicted values of the 
changes agree with those which are actually observed. The 
ordinary formulae relating v with v and l , w, n with V , ra', ri 
differ from those just obtained by the absence of the factor /3 ; 
but in all cases this term is so nearly 1 that our experiments 
cannot decide whether or no it ought to be inserted. 

We might treat in the same manner the case of light travelling 
through a medium which is moving relatively to the observer, by 
substituting V, the velocity of the light in the medium, for c in 
the above expression for the light vector. But it is simpler to 
make use of the result (259) which we have already obtained. 
Suppose that to S', who is at rest relatively to the medium, the 
velocity of the light through the medium appears to be V* and to 
be parallel to the axis of x ; then to S the light will appear to 
travel parallel to the axis of x with a velocity 


V = 


V' + v 


1 + 


v V' * 

& 


If v is so small that we may neglect - in comparison with 1, we may 

C“ 

write 

F' 2 \ 




now y 7 is n f the refractive index of the medium when it is at rest 

relatively to the observer ; hence we arrive at the ordinary formula 
for the Fizeau effect 

V=Tr + v(l -rc-*) (261). 

It is to be observed that, if the refractive index of the medium is 
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1 and the velocity of the light in it c, the velocity of the light 
measured by S will also be c ; the velocity of a beam of light which 
appears to one observer to have a velocity c will appear to have 
the same velocity to any other observer moving relative to the 
first with any uniform velocity. 


135 . In § 7 G we noted that the motion of an electron in an 
electromagnetic field with a velocity comparable with 

Application y . J . A 

to electro- that of light shows certain anomalies which are 
no ^ completely explicable by the general principles 
enunciated in Chapter I. The question arises whether these 
anomalies can be removed by the method of treating moving 
systems which has just been described. At first sight we may 
be inclined to argue thus. The motion of a particle in an 
electromagnetic field relative to which it is at rest is given by 

vi ^ ~ = e X (262). 


Therefore, if it is moving relative to that field with a velocity v f 
its motion must be given by 


m 


d 2 /3 (x — vt) 



=eX. 


But this argument would be erroneous. If the electron, 
together with an observer S' always at rest relative to the electron, 
form the system R, R is not physically independent of S, if 8 
includes the instruments by which the electromagnetic field is 
produced. These instruments exert forces on R which depend on 
the velocity of R relative to S, and the acceleration of the electron 
relative to S' will change according as R is or is not moving 
relatively to S. The transformation which has been described 
gives in all cases the laws observed by S in terms of those observed 
by S' , but it leads directly to a solution of the problem only when 
R is physically independent of S, for it is only in this case that we 
can identify the laws discovered by S' with those which would be 
discovered by S if R were at rest relative to S. 

To deal with this problem we must introduce a new assumption 
and one that is as fundamental in the methods of the Principle 
of Relativity as the transformation (258). This assumption is 
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that the laws stated by the equations (2), (7), (9) of Chapter I 
are found to be true by ali observers who are moving with any 
uniform velocity (including zero) relatively to the instruments 
producing the electromagnetic field. Suppose then that the 
system R includes instruments which are producing an electro- 
magnetic field, and that the quantities characteristic of this 
field, as measured by S', are an electric intensity X' , Y', Z\ a 
magnetic intensity 77, M\ N' , a density of electric charge p, and 
a velocity u x ' y u v ', n z ' of the particles bearing this charge. All 
these quantities vary with x, y, z, t\ and in virtue of (2), (7), (9), 
equations must hold between them of which the following are 
typical : — 




dN' 

dy' 


djr 

dz' ; 


1 

& dt! 


47 Tp = 


dX* 

dx 


+ 


dY f dZ ' 

dy dz' 


dr 

dz' 



(263). 


J 


Now let $ perform measurements similar to those by which S' 
arrived at the values of these quantities and let him find as a 
result of these measurements that the electric intensity is X, Y , Z , 
the magnetic intensity L , M, N, the density of charge p and the 
velocity of the particles carrying it u Xt u y , u z . Then, if the laws 
of the electromagnetic field are unaltered even when the observer 
is moving relatively to the instruments producing the field, S must 
find relations of which the following are typical * — 



dX\ 

_dN 

dM 

1 dL 

_ dV 

dt) 

dy 

dz ’ 

<S l dt 

dz 

47 rp 

_ dX 

dV dZ 


dx + 

dy dz 



dZ\ 

dy 


(264). 


But if we transform equations (263) according to (258) and 
rearrange the terms, they become equations of which the following 
are typical : — 


„ , v dX'l 0 (d(N' + vY') 

4 («•+«)+ -^ I = ^ { dy 

d (r+|iv' 


dt 

1 

c l dt 


= /3 


dz 


d(M'-vZ')) ' 

dz j 

ri (*' ->') [ 
dy ) j 

(265). 
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These equations state the relations between the quantities X' , F', 
Z' t N\ as these relations are measured by S . But what is 

the physical significance to S of these quantities ? We must not 
assume immediately that X ' represents the electric intensity to S 
as well as to S', for when S says the electric intensity has a certain 
value he is stating the occurrence, not of a single event, but of 
a complicated connected series of events the places and times 
associated with whicli are subject to certain relations. And these 
relations will differ, as we have seen, according as they are 
measured by S' or by S, so that the events which are described 
by S' in the statement that the electric intensity has a certain 
value will not be described by S in a similar statement. Indeed 
we can see that ( X'Y'Z ') does not represent to S the electric 
intensity, for we know that (264) and (265) must be consistent 
since they are merely different ways of describing the experiments 
made by S ; and they are not consistent if we put X = X', Y —Y' , 
etc. On the other hand, they are consistent with each other if 
we put 


A r = A r/ , /, = // 

l’= M = /3{M'-vZ’) 

z=p(z'~ ®ir), N=p{N' + vY') 


V ...(266). 


u x ' + v , x (v v ', vj) 

Ux = , {Uy , II,) - I " — 

i + ” 5 ” 0(1 I 


These equations give the values of the quantities characteristic 
of an electromagnetic field measured by S (moving relatively to 
the instruments producing the field) in terms of those measured 
by S' (at rest relatively to those instruments). If, on the other 
hand, it is the observer S who is at rest relatively to the in- 
struments, we may obtain the values of the field observed by S' 
in terms of those observed by S by solving (266) for the dashed 
quantities ; the same solution will be obtained (as may be seen 
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from general considerations) by interchanging dashed and un- 
dashed quantities, while the sign of v is reversed. 

Before proceeding, two points may be noted. First, it will be 
seen that the relation between u x and u x is the same as that 
obtained in (259) ; accordingly we may conclude that the as- 
sumption which we have made concerning the universal validity 
of the electromagnetic equations is not inconsistent with the 
Principle of Relativity. Second, we may ask, if the chaige on 
a given particle at rest relative to S' is e', what is the value of e , 
the charge on that particle as it appears to S. If dx\ dy , dz 
is the volume of the particle as it appears to S', we have 

e' = p'dx'd y'dz ' ; 

and similarly e = pdxdydz ; if we make our measurements of the 
limits of the particle simultaneously (i.e. if t is constant), 

dxdy'dz = ftdxdydz ; 

hence e' = e. The charge on a particle will appear the same, 
whether or no it is moving relative to the observer. 


136. We may now proceed to investigate the laws of the 
Motion of a Ration of a charged particle which is moving with 
charged a great velocity relatively to the instruments pro- 

ducing a field. Suppose now that these instruments 
are at rest relatively to S. The particle will be accelerated 
relatively to S, but if its acceleration is small, we may consider 
that at each instant it is moving relatively to S with a uniform 
velocity v, and that the observer S' is at rest relatively to the 
particle. The electromagnetic field (X' y Y\ Z ' , L\ M\ N') 
observed by S' will be related to that observed by S (X, Y, Z, 
L , M } N) by (266). If we make the additional assumption that 
a system consisting of a charged particle and instruments pro- 
ducing an electromagnetic field is physically independent of the 
observer, we may remove the instruments at rest relatively to S 
and suppose the field observed by S to be produced by certain 
other instruments at rest relatively to S'. Then the equations 
of the motion of the particle relatively to S' are, according to (262), 


m dt'*= eX ’ 


m -- =eY' 
dt’ a ’ 


™ = ...(267). 
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In order to obtain the equations of the motion of the particle 
relatively to $, in terms of the field observed by S y we must 
transform (267), by substituting for x\ //, z, t' according to (258) 
and for (X\ Y\ Z') according to (266). We thus obtain 

(268). 

These equations become more symmetrical if we remove the 
restriction that the axis of x is parallel to v and imagine the 
equations referred to any system of rectangular coordinates at rest 
relatively to S 9 having the same origin as those we have used so 
far. Then we shall find that, if q — (x 1 + f 4- i 2 )~ is the velocity 
of the particle, the equations become 

= K,, ^(/S 'my)=K y , = K Z ...(2W.)), 


where A\ = e (x + &N-* t M ) ' 

and /3 is now written for — — j 


(270), 


Equations (269) are simply the general equations which reduce 
to (268), when the axes to which they are referred are turned so 
that the velocity of the particle lies along the axis of x. 

(J 

Comparing (269) with the equation ^ {mx) — P x (where P x 

is the ‘ force ’ on the particle parallel to x), which represents the 
fundamental proposition of Newtonian mechanics, we see that it 
is suggested that the charged particle moves like a Newtonian 
particle having a mass /3m and acted on by a force (K x , K y , K z ). 
But before we can be sure that we can adopt this suggestion, we 
must see whether the principles of electromagnetism allow us to 
attribute to the quantity (K x , K yy K z ) all the properties of a 
Newtonian force. A thorough investigation shows that they do 
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allow us so to do ; here we will only investigate one special 
question 

According to Newtonian mechanics a body acted on by a force 
(K x , K y , K z ) must acquire in a time dt an energy 

(}£ x x -t- E }/ jf 4- KJ) dt. 

Hence, if the quantity which wc have called (K x , I\ !f , K z ) is a 
force, we must have 

~ = K x x + K„y + K z z — e (X.i + Yy + Zi) . . .(27 1 ), 

where E is the energy of the electromagnetic field from which the 
particle receives its energy. Now 

>•'+*>♦*!„<*+*•+*•>} <n.:.wn 

where 8 is an element of volume in the field, and it may be easily 
shown from (264) that, if p is zero except at the point occupied 

d E 

by the moving particle, - - ' has the value required by (271). In 

this respect therefore the quantity may be regarded as a Newtonian 
force. It is interesting and important to observe that the value of 
the force acting on a charged particle, moving with a velocity v 
relative to the instruments which are producing an electromagnetic 
field, which is given by (270) is exactly that which is given by (5). 
In Chapter I we treated the properties of a moving charge as 
altogether distinct from those of a charge at rest relative to the 
observer; we now see that, if we adopt the Principle of Relativity, 
some of the properties of the moving charge may be deduced 
directly from those of the resting charge, a further inquiry shows 
that the same statement is true of all those properties. We set 1 
in fact that a magnetic field is not something altogether different 
in its nature from an electrostatic field , whether a given field 
appears electrostatic or magnetic depends entirely upon the state 
of motion of the observer relative to the instruments which are 
producing it. 

And we also see that the relation which has been obtained 

m' = 0m (273), 

where in is the mass of a body moving relatively to the observer 
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with a velocity v, and m its mass when that velocity is infinitely 
small, is precisely that which was quoted in (177) as being con- 
sistent with experiment. The apparent anomalies of the motion 
of fast electrons have been shown to be a necessary consequence of 
the fundamental electromagnetic equations for a system at rest 
together with the Principle of Relativity. This agreement of our 
theory with experiment is perhaps the most notable evidence for 
the validity of that theory. 

The energy of the particle, E, is given by 

E = j(K x x + K v y 4- K z z) dt 

Inserting in this expression the values of K x% K t/ , K z obtained 
from (260) we find 

E — /3?ac~-f constant (274). 

Since the kinetic energy must be zero when q is zero, the constant 
must be — me 2 , and we find that the kinetic energy of a charged 
particle, which has a mass m when it is moving with a velocity 
very small compared with that of light, is given by 

E = me 2 { L -l) (275). 

It should be noted that, when qjc is very small, this expression 
agrees with the ordinary formula E = \m(f> and also that we do 
not obtain (275) by substituting for m the value m, corresponding 
to the velocity q , taken from (273). It is probable in the future 
that a further test of the theory will be obtained by measure- 
ments of the energy of high speed electrons. 

A further deduction concerning the energy of moving systems 
is important. It can be shown from (272) and (266) that if E f is 
the energy of the electromagnetic field in a system R physically 
independent of 8, then E , the energy of that field as it appears 
to 8, is /?!£". Accordingly, the energy of such a system R appears 
to 8 to change according as R is at rest or moving relatively to 
him ; E , the energy of R when R moves relatively to 8 with 
a velocity q, is greater than E\ that when it is at rest relatively 
to S, by (/3 — 1 )E\ In other words, the system R, in virtue of 
its internal energy, appears to have a kinetic energy (/3 — 1) E\ 
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or, comparing the result with (275), it appears to have a mass m 
given by 



This conclusion that the mass of a system varies with its 
internal energy may have some bearing upon the atomic weights 
of the radioactive elements which undergo large changes of 
internal energy during their disintegration. 

The methods of the last two paragraphs also enable us to 
deduce equations (234), (235) from the corresponding equations 
(231), (232) which are applicable only to low speeds. But no 
useful purpose would be served by giving the deduction here. 


137 . These results represent only a very small portion of the 
The new consequences which have been deduced in recent 

Dynamics. years from the Principle of Relativity. Since (273) 
does not involve the chaigc on the moving particle in any way, 
the suggestion naturally occurs that the mass of all bodies, and 
not only of charged bodies, will vary with the velocity in the way 
stated by that equation. Moreover, if we accept the view which 
is really fundamental m modern electrical theory, that all forces 
acting on all material bodies are essentially electromagnetic, this 
proposition would follow at once from those which have been 
deduced already 1 . And since this proposition is inconsistent with 
Newtonian dynamics, which states that the mass of a body is 
a constant property independent of its velocity relative to other 
bodies, the acceptance of it makes it necessary to revise the entire 
body of our dynamical principles 2 . The task of this revision has 

1 If the view of the Principle of Relativity put forward by Minkowski (see 
below, § 139) is adopted, the proposition follows without any assumptions as 
to the nature of the forces acting. 

2 Another respect in which the theory just stated is inconsistent with 
Newtonian dynamics should be noted. We have concluded that when two 
systems react and the reaction is obseived by an observer whose axes of reference 
are fixed in one of those systems the mass of the other system observed by him 
depends only on the properties of that system. According to Newtonian dynamics, 
the mass of a system will be a constant determined only by that system if, and 
only if, the axes of reference of the observer are fixed in a system relatively to which 
the centre of mass of the two systems is at resl^; this* system cannot be at lest 
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occupied the attention of a number of investigators and a new 
set of principles, consistent with the Principle of Relativity, has 
been elaborated. It is not proposed here to follow out these 
conclusions; they have no direct bearing upon the main subject 
of this volume and, in addition, they appear to me a little 
dangerous There is not the smallest prospect of our being able to 
subject any of these conclusions to the test of experimental verifi- 
cation, for in order to do so we should have to be able to make 
accurate observations on bodies moving relatively to us with 
velocities approaching that of light. The confusion in which the 
theory of moving systems was involved a few years ago arose from 
the attribution of universal validity to principles which had been 
tested experimentally in only a very limited class of cases ; with 
this warning before us, it appears wiser to confine our application 
of the Principle of Relativity to those cases which can be investi- 
gated experimentally, and all these cases have been considered in 
the last two paragraphs. 

138. Fortunate is the science, as is the country, which has 
Time and n ° history. If the theory of the properties of moving 
Space -' systems had no history, there would be no necessity 

to add anything to our formal statement of the Principle of 
Relativity and our proof that it leads to results in accordance with 
experiment. This accordance would be sufficient to prove that 
it is valuable and true. But when that Principle was first 
proposed, difficulties were found by some people in accepting it. 
These difficulties were of two kinds; first, it was said that the 
Principle appeared so artificial and so complex that it could not 
be accepted as the basis of a science unless it could be shown to 
be the consequence of other principles, less artificial, less complex 
and more self-evident ; second, it was said (by the less wise critics) 
that the Principle could not be universally true, because, though 
it led to results in accordance with experiment in the cases which 
have been considered, in other cases it conflicted with propositions 

relative to either of the two reacting systems. When the axes of reference are 
fixed in one of the two reacting systems, the principle of the ‘conservation of 
momentum/ fundamental in Newtonian dynamics, becomes, not merely false, but 
meaningless, for the expression ‘ the velocity of an observer relatively to himself ’ 
is without significance. 
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more certain than any others in science, namely those stating the 
fundamental properties of space and time 1 . It appears to be 
desirable to devote some little space to the consideration of those 
objections; but if the reader does not experience these difficulties, 
he will be wise to omit the next two paragraphs and not to trouble 
himself with confusions of thought based on the fallacies of a 
bygone age. 

Such objections are best met by comparing the Principle of 
Relativity with the Principle of Moving Axes, for, according to 
the objectors, the latter Principle is a notable example of all those 
virtues which tin 1 former lacks. Let us consider why the trans- 
formation characteristic of the Principle of Moving Axes appears 
to them so simple. 

If the objectors could have been induced to state their views 
rather more fully they would probably have said something like 
this: — 'It is perfectly self-evident and necessary that, if at a given 
moment, the distance of a point A from the point 1 J is a and the 
distance of P from the point Q is b (A, P , Q lying on the same 
straight line), then the distance of A from Q is a + b. Now this 
is the only proposition necessary to establish the transformation 
asserted by the Principle of Moving Axes. For at a moment t the 
distance of the origin of S' from the origin of S is rt ; this is what 
is meant by saying that the velocity of S' relative to S is v ; 
so that, if iv is the distance of a point from S', x y its distance 
from S , must be x' -f vt and x must always be identically 
equal to x - vt. Of course if any proposition about x is true, 
the same proposition must be true about x — vt , for x — vt is 
identically equal to 

The Principle of Relativity denies that the proposition which 
is asserted at the beginning of this statement is either self-evident 
or, as a matter of fact, true, and by this denial it certainly rejects 
the conceptions of time and space involved in the statement. But 

1 The difficulties of the objectors v»ere intensified because they seemed in 
some doubt whether these very certain propositions were certain because they repre- 
sented the results of experiment or because they were logical deductions from the 
definitions of the terms employed in stating them ; in other words whether they 
were physically or mathematically tiue. I think they were also troubled by a 
vague remembrance of a perverted form of the Kantian theoi*y that our conceptions 
of space and time are necessarily implied in all knowledge. 
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the denial is not a sufficient ground for doubting the Principle 
of Relativity unless it can be shown that these conceptions are 
really so necessary that the rejection of them is logically absurd. 
I shall proceed to try to show that this proposition is no more 
self-evident than that which the Principle of Relativity proposes 
to substitute for it; whether it is actually true can, of course, be 
decided only by experiment, and the agreement of the results of 
the Principle of Relativity with experiment is sufficient to indicate 
that, if it is not self-evident, it is probably not true. For this 
purpose I shall consider not the proposition itself, but three 
other propositions (A), (B), (0), which are involved in it and 
would probably appear to the objectors even more self-evident 
than that which they have been supposed to state ; it can easily 
be shown that if these three propositions are not true, then the 
original proposition on which the Principle of Moving Axes is 
founded is not self-evident and is probably not true. 

Proposition (A) may be stated thus: — 

‘If an event P appears simultaneous with an event Q t<o one 
observer S , then P must appear simultaneous with Q to any other 
observer (The same proposition might be stated with the 
substitution of ‘before’ or ‘after’ for ‘simultaneous with.’) It is 
this proposition which gives rise to and renders useful the 
conception of a ‘ time at which a thing happens,’ this ‘ time ’ being 
the same for all observers. 

If we are to discuss this, or any other, proposition, we must 
first be sure what is meant by the terms used m it. I think any 
belief in the self-evidence of proposition (A) can be removed by 
pointing out that there are two distinct senses in which the word 
‘simultaneous’ is used at the present time, and that the most 
ordinary experience shows that, if this word is used in one of these 
senses in (A), then (A) is most certainly not true. 

If 1 say that the sound of the explosion in a gun appears to 
me simultaneous with the accompanying flash of light I may 
mean, and indeed usually do mean, that there is a certain relation 
between my sensations of hearing and seeing ; this relation is so 
simple and fundamental that I cannot possibly explain it to any 
one who says he does not understand what I mean by it. In order 
to distinguish this sense .of the word ‘ simultaneous ’ from other 
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senses I shall say that two events happen ‘ simul ’ when they are 
simultaneous in this sense. 

It is quite certain that ‘ simultaneous with ’ was originally 
used, and is still used by people untrained in science, in the sense 
of £ simul,’ and it is also certain that an investigator might make 
a large number of experiments before he suspected that (A) is not 
universally true when those words are used in that sense. Indeed, 
if the events which he investigated were such as can be ' seen,’ he 
would need the most delicate instruments to detect a discrepancy. 
If, however, the events were such as can be ‘ heard,’ he would find 
out the mistake more easily. He would find that if one observer 
is situated between the places where two events occur, while 
another is situated to one side of both of them, then evefits which 
were heard simul to one observer would not be heard simul to the 
other, if the events took place a considerable distance apart. When 
he found out his mistake two courses would be open to him ; he 
might deny that (A) was true, or he might change the meaning 
of thp words ‘ simultaneously with ’ so as to make (A) true. As a 
matter of feet, men of science have adopted the second alternative 
and have invented a new and very complicated meaning for 
4 simultaneously with.’ They imagine that they possess a large 
number of clocks, similar readings of which occur simul, when the 
clocks are very near the observer comparing them, and that these 
clocks are distributed so that there is one very near each event 
which is to be investigated. They suppose that when an event is 
observed, the reading on the clock near that event is observed 
also by the same means ; then two events P and Q are defined to 
be simultaneous if the reading on the clock near P which is simul 
with P is the same as the reading on the clock near Q which is 
simul with Q. As the result of experiment they now find that 
two events which are simultaneous to one observer are simul- 
taneous to any other. 

The procedure necessary to apply this definition is very 
cumbrous in practice and hence investigations have been made to 
discover whether it is not possible by means of some rule to deduce 
whether or no two events are simultaneous from the relations 
between the two readings on a single clock near the observer 
which happen simul with these events. Such a rule has been 
c. e. t. 24 
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found ; its form depends on the means used in observing the 
events ; we shall assume that the propagation of light through a 
vacuum is used for this purpose. Then the following rule is found 
to give conclusions as to simultaneity concordant with those 
derived from the definition: — If P happens at a distance r P simul 
with the reading tp on the clock near the observer, and Q happens 
at a distance r Q simul with the reading £q on that clock, then P 
and Q are simultaneous if tp — r P jc — tq — Vqfc. If we call the 
function t — rjc the £ time at which an event happens at r/ then 
(A) states that the time at which an event happens is independent 
of the observer ; experiment shows that, if the ‘ time at which 
an event happens’ is defined in this way, then this statement is 
true. It follows from the definition that the time is the reading 
on the clock near the event which is simul with the event. 

Now still more accurate experiments suggest that, even with 
this definition of ‘ simultaneous with,’ (A) is not universally true ; 
that it is true only when all the events happen in systems which 
are relatively at rest. We have therefore again two alternatives, 
to abandon (A) or to redefine ‘ simultaneously with ’ so as to make 
(A) true. The Principle of Relativity enables us to find a suitable 
new definition. Let us define the term ‘ isochronic ’ by the state- 
ment that two events are isochronic if the reading on a clock near 
P and at rest relative to P which is simul with P is the same as 
the reading on a clock near Q and at rest relative to Q which is 
simul with Q , the clocks being such that equal readings are always 
simul when the clocks are compared by an observer near and at rest 
relative to both of them. Then the Principle of Relativity states 
that (A) is true even for systems which are moving relatively to each 
other if f isochronic’ is substituted for 'simultaneous/ Further it 
enables us to deduce from the times at which P and Q happen (that 
is from the readings on the clocks near them but at rest relative to 
the observer) whether or no P and Q are isochronic ; it states that 
if tp, tQ are the times at which P and Q happen, x P , xq the 
distances from the observer at which they happen, vp, vq the 
velocities relative to the observer of the systems in which P and 
Q happen, then P and Q are isochronic if 




VpX P \ _ Vq 
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If we call' the function 


* (*- 5 ) 


the ‘era’ at which an event 


happens at x and t in a system moving relatively to the observer 
with a velocity v, then (A) may be stated in the form that the 
era at which an event happens is independent of the observer. 
The era, of course, is also the reading on the clock near and 
at rest relative to the event which is snnul with the event. 

I trust the object of this long disquisition is clear to the 
reader. It is suggested that, since the change in our ideas which 
led to the change in the meaning of : simultaneous with’ from 
‘ simul ’ to its present sense is precisely similar to the change in 
our ideas introduced by the Principle of Relativity, the second 
change ought to cause no perturbation of mind to those ;who 
accept the first so tranquilly that they do not appear to recognise 
that it has occurred The discoveries leading to the Principle 
of Relativity do not render it necessary to abandon the hope of 
defining a ‘ time ’ valid for all observers, any more than do the 
discoveries leading to the belief in the finite velocity of propagation 
of light ; the newer discovery, like the older, only makes it 
necessary to change somewhat the definition of that ‘ time/ 

Let us now consider another proposition (B) : — 

4 The length of a bar is the same by whatever observer it is 
observed/ 

Let us first inquire what is meant by the length of a bar. We 
suppose the observer provided with a rod on which are made 
certain marks numbered consecutively; it is found possible to 
distribute these marks along the rod so that the following 
proposition is true : — If one end (P) of any bar is made to 
coincide with the pth mark on the rod, and the other end (Q) 
of that bar with the qrth mark, then a = q — p is determined only 
by the bar and not by p. a is called the length of the bar. 

This definition in its present form is not applicable to the case 
where the bar is moving relatively to the rod. In this case an 
indefinite number of p’s and an indefinite number of qs may be 
observed, and an indefinite number of values for the length of the 
bar could be obtained, unless we fix by further definition which p 
is to be subtracted from which q in order to obtain the length of 
the bar. The definition which is commonly adopted is that, if the 


24—2 
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coincidence of P with the jtfth mark is simultaneous with the 
coincidence of Q with the gth mark, then the length of the bar is 

<1~P- 

From the Principle of Relativity we can easily show that, if 
this definition is adopted, the length of a bar as determined by 
any one observer is independent of the particular value of p chosen 
by him ; so far then, this definition is convenient. But it also 
follows necessarily from the same principle that the length of the 
bar, as determined by different observers by reference to a rod 
which is at rest relatively to one of them, may be different. For, 
if the coincidence of P with the jpth mark is simultaneous with 
that of Q with the ^th mark to one observer, these events will not 
be simultaneous to any other observer moving relatively to the 
first. It is easy to piwe that, if the bar is moving uniformly with 
velocity v relative to the rod and appears to have to an observer at 
rest relative to the rod a length a , then to an observer at rest 
relative to the bar the bar will appear to have a length yS a; in 
this statement it must be remembered that both observers deter- 
mine the length with reference to the same rod, but that their 
definitions of simultaneity refer, as stated above, to different 
clocks. 

It may occur to the reader that this difficulty might possibly 
be avoided and a definition of length obtained which would give 
the same results when applied to the same bar by all observers, if 
in the definition given ‘ isochronic ’ were substituted for ‘ simul- 
taneous.’ Unfortunately this procedure is impossible, because our 
definition of isochronic assumes that the event to which it refers 
happens in a system in a specified state of motion relatively to 
the observer; the event with which we are here concerned, the 
coincidence of P with a mark on the rod, does not ‘ happen in one 
system/ but is a relation between two systems relatively in 
motion. The term ‘ isochronic ’ has no meaning applied to such 
an event. But if, in our definition of length, we substitute 
‘ isochronic ’ for ‘ simultaneous 5 and at the same time insert a 
provision that the measurement shall be made when the rod is 
at rest relatively to the bar, then, with this revised definition, 
the length of the bar will turn out to be the same by whatever 
observer it is observed. 
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Once rflore then we see that (B) is true in some cases 
and not in others merely because the definition of length 
which we ordinarily apply, selecting it out of an innumerable 
number of equally possible alternatives, is inconvenient. If we 
wish (B) to remain true, we have only to change our definition 
of length ; and moreover the change in this definition which is 
necessary to make (B) true is precisely that which follows 
naturally from the change in the definition of ‘ simultaneous with ’ 
which was necessary to make (A) true. 

Very brief notice may also be taken of a third proposition 

(C):- 

‘ If Vp is the velocity of a particle P relative to an observer, 
Vq the velocity of a particle Q relative to him, then w, the velocity 
of Q relative to P, is given by w — vq — v r .’ 

According to (259) this proposition is not universally true, for 




1 _ V 9 V R 
& 

but here again the truth or falsity of the proposition depends 
entirely upon a definition. In (259) the quantity which we 
termed the velocity of Q relative to P, was defined as the velocity 
of Q relative to P as determined by an observer at rest relative 
to P. (259) then states a relation between the observation made 
by this observer and certain observations made by another observer 
relative to whom P is moving. Now a little reflection will convince 
anyone that it is not self-evident, apart from all experience, that 
there must be a certain relation between the observations of two 
different observers ; surely it is remarkable that experience shows 
that any relation at all can be discovered. (259) can only be 
tested by comparing the observations made by two different 
observers who have been travelling relatively to each other and 
subsequently meet at relative rest. The experiment has never 
been tried when the velocity v P is so great that a decision 
between (C) and (259) could be expected. (C) appears at first 
sight self-evident, because we are so accustomed to finding that 
it is true, that we have come to define ‘ the velocity of Q relative 
to P ' as the quantity obtained by subtracting from the velocity 
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of Q relatively to the observer the velocity of P relative to him ; 
and, of course, if this definition is adopted, (C) is necessarily true. 
But, if the definition is adopted, the Principle of Relativity does 
not deny (C) ; it only denies that this definition leads to the same 
values as the other. 

If the reader is now convinced that there is nothing para- 
doxical in the denial of propositions (A), (B), (C), he will probably 
find no difficulty in solving any of the apparent contradictions 
which will be found among the other consequences of the Principle 
of Relativity. When any proposition appears paradoxical, he must 
inquire whether there is not implied in the definition of the terms 
used in stating it a proposition inconsistent with that which is 
stated ; if such inconsistency is discovered he must re-define his 
terms so as to remove it and will then find that all appearance of 
paradox has vanished 1 * 3 . 

139. Objections to the Principle of Relativity of the 
MmkowskCs second class are based on the ground that it is 
treatment. artificial and complex. Such objections can only 

be removed by showing that it is less artificial and less complex 
than some proposition which is regarded by the objector as 
a model of simplicity and directness. The brilliant exposition of 
Minkowski shows that, viewed in the right light, the Principle of 
Relativity is actually simpler than the Principle of Moving Axes. 

As we have seen, the Principle of Moving Axes states that 
we can deduce from the law /' (%, y\ z\ t') — 0 observed by S' 
the law f (&, y , t) — 0 observed by S by substituting the 
quantities (oc-vt, y , r, t ) for (%, y', z, t r ). But when the Principle 
is used in dynamics another assertion is added, namely that, if the 
law is one stating the motion of material particles according to 
the principles of Newtonian dynamics, then the function f obtained 
by the substitution will be the same as f\ This proposition is 
often stated in the form that the laws of any dynamical system 

1 These considerations are necessary to resolve the confusions which are raised 

by those authors who attempt to introduce a distinction between ‘ what really 
happens ’ and ‘ what appears to happen. ’ This distinction has never been the 

source of anything but confusion of thought when applied to scientific proposi- 
tions. Cf. Phil. Mag . 21. fel3— 515, 1911. 
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will be unchanged in form if they arc transferred from one set 
of axes to another set, moving relatively to the first with a uniform 
velocity. 

Now it is well known that there is another way in which we 
can change our axes without altering the form of laws referred to 
them ; we may change from one set of rectangular axes to any 
other rectangular set and we may displace our origin through any 
distance. These two kinds of permissible transference are usually 
regarded as quite independent and unconnected; one kind can be 
effected without the other. That the first kind is permissible is 
regarded as due to the fact that the laws of a dynamical system 
can be expressed as differential equations of the second order 
with regard to the time; that the second kind is permissible is 
regarded as due to the fact, quite unrelated to the first fact, that 
the only function of the coordinates of two particles (x lf y l} z j) and 
(# 2 , y 2 , z 2 ) which occurs in the laws is 

Oj - a:,)'’ + (y l - y,)' 1 + O, - z.tf ; 

» 

so that any such transference of axes which leaves this function 
unchanged is permissible. For the sake of brevity, changes of 
origin will be left out of account ; the condition for permissible 
transferences of the second kind is then that x? + y? + z? should 
be unchanged. This condition is equivalent geometrically to the 
rotation of rectangular axes through any angle ; to say that it 
must be fulfilled is the same thing as saying that if we change 
our axis of x from OX to 0X f , we must change our axes of y and 
2 from OF, OZ to 0Y\ OZ' , where a certain relation must hold 
between the angles XOX\ YOY , ZOZ\ 

Now let us suppose that we represent the complete motion 
of a particle on a four-dimensional diagram 1 , taking three mutually 
perpendicular lines as our axes of x, y, £ and a fourth line, perpen- 
dicular to all three, as our axis of t. Then a straight line in this 
diagram will represent the motion of a particle which is moving 
relatively to the observer with a uniform velocity ; and, in 
particular, the line which is taken as the axis of t represents the 
‘ motion ’ of the particle which is always at rest relative to and at 

1 Since few people think readily in four dimensions the reader will do well to 
imagine a simple case in which the motions of all particles are confined to a single 
line; the diagram then reduces to two dimensions, j*, t. 
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zero distance from the observer. The second kind of change of 
axes corresponds to the choice of new straight lines for the axes 
of x , y, z; the first kind of change (a change to axes moving 
uniformly relatively to the original axes) corresponds to the choice 
of a new straight line for the axis of t. The Principle of Moving 
Axes states that, if a new line is chosen for the axis of x, certain 
other new lines must be chosen for the axes of y , z , so that the 
condition that x 2 4- \f + z 2 is unaltered is fulfilled ; but it states 
also that if a new axis of x is chosen, there is no need to choose 
a new axis of t, and that, if a new axis of t is chosen, there is no 
need to choose a new axis of x, in order to preserve the form of the 
laws. 

On the other hand, Minkowski points out that what the 
Principle of Relativity states is simply this, that if we choose 
a new axis of t we must also choose a new axis of x, just as if we 
choose a new axis of x we must choose a new axis of y , and that 
the condition which must be fulfilled in choosing the new axes 
of x , y, z to suit a new axis of t is that x 2 4- \f 4- z 2 — c 2 t 2 must 
remain unchanged; the two forms of transference are not un- 
connected, but are special forms, applicable to special cases, of a 
single more general transference from one set of axes to another, 
which can be effected without changing the form of the funda- 
mental laws. For, according to the Principle of Relativity, the 
laws which must be taken as fundamental 1 are those expressed 
by (263). The assumption, made in § 135, that these laws are 
valid for all observers moving relatively to each other with any 
uniform velocities, is equivalent to the assumption that the laws 
are unchanged in form by the transformation (258). Since, 
according to (258), x' 2 4 - y' s + z 2 — c 2 £' 2 = x 2 4 - y 2 4 - z 2 — c 2 £ 2 , the 
transformation is equivalent to a transference to new axes, such 
that x 2 4 - y 2 4 - z 2 — c 2 t 2 remains unchanged. By such a transference, 
then, the form of the fundamental laws is unaltered. 

Again the condition that x 2 4 - y 2 4 - z 2 — c 2 t 2 must be unchanged 

1 If it is assumed that the laws of the motion of a particle are also unchanged 
by the transformation (258) and thus the Principle of Relativity made yet more 

analogous to the Principle of Moving Axes, laws slightly different from those 
of Newtonian mechanics must be adopted. These are the laws of the ‘New 
Dynamics * to which reference is made in § 137. 
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is, like tht? old condition that ^ + y 2 -f must be unchanged, 
capable of a geometrical interpretation. Let us suppose that all 
motions are confined to one line, so that we have only two axes, 
those of x and t ; and let us draw, for all values of t > 0, the curve 
c 2 £ 2 — # 3 =1. This curve is a hyperbola of which the asymptotes 
are the lines ct±x=0. Then the condition that x~ — c 2 t' 2 is to 
be unchanged by our change of axes means that, if we choose as 
a new axis of i a line drawn from the origin and cutting the 
hyperbola at P , we must choose for the new axis of x the line 
through the origin parallel to the tangent to the hyperbola at P. 

But what if the line which we propose to take as the new axis 
of t does not cut the hyperbola ? We must remember that the 
only lines which we shall want to take as new axes 6f t are 
those which represent the motion of a particle moving uniformly 
relatively to the observer. A line which lies outside the asym- 
ptotes of the hyperbola, and so never cuts it, corresponds to a 
particle moving uniformly with a velocity greater than c. The 
Principle of Relativity asserts that there are no such bodies and 
therefore that the question does not arise ; the velocity c is simply 
that velocity which is not less than the velocity of any material 
particle relative to any observer. The Principle of Moving Axes 
asserts (without any evidence) that this velocity is infinite ; if we 
put c = oo , the hyperbola degenerates into the axis of x and the 
changes of axes permissible according to that principle become 
identical with those permissible according to the Principle of 
Relativity. According to this view the Principle of Relativity 
differs from the Principle of Moving Axes in the assertion that 
the greatest possible velocity of one particle relatively to another 
is not infinity, but the velocity of light. If the reader will 
bear in mind that we cannot obtain information about distant 
events by any influence which travels faster than light and will 
consider the observations which would be possible if there were 
bodies travelling relatively to him with a greater velocity (the 
distinctions which we now make between past and future would 
be absolutely impossible), I think he will accept Minkowski’s 
conclusions; he will agree that the assumption concerning the 
limiting relative velocity of material particles made by the 
Principle of Relativity is a great deal sirrfpler than that made 
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by the Principle of Moving Axes and that, if in the past we 
had discovered Minkowski’s method of regarding the permissible 
transferences of axes and of showing that the two kinds of 
permissible transference are intimately connected, we should long 
ago have arrived at the Principle of Relativity and should now 
regard it as the simplest and most obvious of propositions. 

140. One further objection may be considered. Someone 
Faraday may say : — ‘ Your comparison of the change in the 

Lines. meaning of a word from “simul” to “simultaneous 

with ” with the change in the meaning from “ simultaneous with ” 
to “ isochronic ” has left one important feature out of account. 
I find no difficulty in accepting the rule which you give for 
determining from observations of events which happen simul 
those which happen simultaneously, because I can see a physical 
explanation of the rule; all that it means is that light travels 
with the velocity c. You have offered me no similar physical 
explanation of the rule by which I am to determine from events 
which arc simultaneous those which are isochronic ; can you give 
me such an explanation?’ 'No/ I reply, ‘ I cannot ; and for a very 
good reason. If you will think what you mean by a physical 
explanation, you will find that you mean one which assumes that 
the Principle of Moving Axes is true. Now I say that that 
Principle is not true — that is the essence of my contention ; and 
I cannot possibly explain a proposition to you if at the outset you 
insist on my assuming a proposition which is inconsistent with 
that I am to explain. Your difficulty arises from the fact that 
you cannot get out of your head the idea that the Principle of 
Moving Axes is true ; once you realise its falsity, you will no more 
ask me for a “ physical explanation ” of why (A) is not true in all 
cases than you now ask me for a physical explanation of why 
it is true in some cases/ 

But a legitimate question may be asked about the bearing of 
the Principle of Relativity on the conception of light as propagated 
along Faraday lines, which has been employed so freely in this 
volume. It is one of the consequences of that Principle that an 
event which happens at a distance r from me at a time (not at an 
‘ era ’) t reaches me af a time t 4- r/c whether or no the source of 
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light is moving relatively to me. Now it would seem that, if the 
light is propagated along the Faraday lines attached to the source 
and if, as we have assumed, these lines are carried along by the 
source in its motion relatively to the observer, the velocity of the 
light relatively to the observer must vary with the motion of the 
source relative to him. This difficulty can be avoided if the view 
is taken (and this view is on general grounds more reasonable) 
that the disturbances which are observed by the observer are 
propagated along the lines attached to the observer’s system and 
not along those attached to the source ; we may adopt this view 
because the considerations of § 7 forced us to the conclusion that 
the lines attached to one charge do not end on another charge but 
are quite independent of those attached to any other charge. 
According to this view the disturbances received by the observer 
from two sources, both at the same point, one of which is at rest 
relative to the observer and the other in motion, are both propa- 
gated along the same line, namely that line attached to the 
obsetver’s system which passes through the point occupied by the 
sources; and this line is at rest relatively to the observer. The 
velocity relative to the observer with which the two disturbances 
are propagated is the same, but the difference in the relative 
motion of the sources relative to the line may make the form 
of the disturbance received from one source different from that 
received from the other. 

The difficulties raised on p. 279 will be found to vanish if 
Fig. 5 is interpreted afresh according to this view. It will be 
found that the thick lines in that diagram must not now be 
regarded as giving the position of the line attached to the electron 
(for with the position of this line the observers at P and Q' have 
nothing to do) ; the direction of the thick line at such a point as 
P must now be regarded as giving the direction at the time t of 
that line, attached to the system of the observer at P, which, at 
the moment when the electron was at 0, lay in the direction PO . 
This interpretation is, of course, rather more complex, but it does 
not altogether deprive the conception of Faraday lines of its value 
as a means for visualising electromagnetic phenomena. It must 
be remembered, of course, that we have used, the conception for 
this purpose only and have made no serious* attempt to prove by 
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its use any of the propositions stated ; such proofs, 1 like those 
based on any other conception, would have to be revised in the 
light of the Principle of Relativity. 


141 . The Principle of Relativity enables us to deduce from 
Light and the laws discovered by an observer S', who is at 

Gravitation. res t relatively to the system observed, the laws dis- 
covered by S who is moving uniformly relatively to that system. 
The question has been raised recently whether it can provide a 
similar deduction if the motion of S relatively to the system 
observed is not uniform but uniformly accelerated. The im- 
portance of this question appears at once. Suppose that S is on 
the earth and the system which he observes, which includes 
another observer S', is falling towards the earth. Then the 
system R is uniformly accelerated relatively to S ; if we can find 
(1) the laws observed by S' and (2) a means of transferring those 
laws into laws observed by S, we can find the laws which will be 
observed by S in the falling system. ^ 

If the acceleration of S' relative to S is so small that the 


relative velocity of S and S' does not change appreciably during 
the time necessary for S' to make an experiment (this time is that 
required for light to travel from any one part of R to any other), 
then the second part of this problem can be solved. For suppose 
that S' makes an experiment at era t x and finds a law 
fi y > z \ t x ) ~ then a t the same era, according to the principle 
of relativity, S finds a law f x (x, y, z , t u v x ) — 0 y where v x is the 
relative velocity of S and S' at the era t x . At a subsequent era 
t 2 > S' finds a law f 2 ' (x x , y x , z x , t 2 ) = 0 and S a law f 2 (. x , y, z , t 2 , v. 2 ) = 0. 
Now v x and v 2 are known functions of t x and U ; accordingly the 
two laws f\ = 0 and f 2 = 0, observed by S at the eras t x and t 2 , can 
be combined by suitable algebraical treatment into one law, valid 
for all eras. This law will be the law observed by S in the falling 
system 2?. 

But what are the laws observed by S', who is falling with R ? 
we have no direct experimental knowledge, for hitherto observers 
falling freely relatively to the earth have never been in a position to 
make accurate experiments. When we were dealing with uniform 
motion, we assumed that <S' might always be made physically 
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independerafc of 8 in the sense that the observations made on R by 
S' were the same as those which he or 8 would make, if R were 
at rest relatively to S l . Einstein extends this assumption to the 
case of uniformly accelerated motion ; he assumes that the obser- 
vations made by S' on R are the same as those which would be 
made by 8 on R, if R were at rest relative to S and there were no 
gravitational action. For the earlier assumption there is good 
experimental evidence ; for the later there is none, but there is 
equally no evidence against it. 

By this method Einstein has deduced some very remarkable 
results. He shows that the weight of a body must vary with the 
amount of energy which it contains in the same way as the mass ; 
and he shows also that c, the velocity of light determined by an 
observer who is accelerated relatively to the source of light, will 
not be the same as c 0 , the velocity determined by an observer 
who is moving uniformly relatively to that source, but that 

c = c 0 (1 + 4>/c J ) (277), 

» 

where <t> is the potential of the gravitational field producing the 
acceleration. For the earth’s field at its surface <4>/c 2 * * * is only 
2 x 10 6 , so that no experiments such as we can make could hope 
to distinguish between c and c 0 . But, on the other hand, the 
conclusion appears that, since the velocity of light varies with the 
gravitational potential, light travelling through a region in which 
that potential is not constant should not travel in a straight line ; 
m particular the light from a star, if it passes near the sun on its 
way to the earth, should not travel in a straight line, and stars 
which appear to us near the sun but on opposite sides of it should 
seem displaced from their normal positions. The magnitude of 

1 It is this proposition, that the observations made by an observer who is at rest 
relatively to the system which he is observing can be the same whether or no he 

is moving uniformly relative to some other observer, which was originally called by 

Einstein the Principle of Relativity, The name was used because the proposition 

states that the observations of S' are determined only by his velocity relative to R. 

The name has now generally been extended to include the assertion of the validity 
of the transformation (258) ; this proposition implies besides the original Principle 
of Relativity the assumption that the velocity of light determined by any observer 
is the same whatever the motion of the source relative to him. This assumption 

Einstein terms the Principle of the Constancy of the Velocity of Light. 



382 


THE PROPERTIES OF MOVING SYSTEMS 


[141 


this displacement should be such as to be capable of detection ; so 
far no experiments have confirmed this prediction, but the obser- 
vations made are probably not sufficiently accurate. 

These deductions are then so far entirely unconfirmed. But 
should subsequent research prove them false our science will be in 
a great difficulty. Either we shall be forced to deny the universal 
validity of the transformation of the Principle of Relativity, or we 
shall have to abandon the assumption that the system R may 
be physically independent of the observer S , even when it is 
accelerated relatively to him. Whichever of the alternatives is 
adopted, the theory of moving systems will again be beset by all 
the difficulties which surrounded it a few years ago (see Appendix I) 
but have been removed by Einstein’s brilliant theory 1 . It has 
been urged recently by Abraham that we shall be in as great 
a predicament if the conclusions are confirmed. He points out 
that the transformations of the Principle of Relativity necessarily 
lead to the conclusion that the velocity of light is a constant for 
all systems and all observers. If (277) is true, this conclusion can 
only be accurately true if all the systems are in the same uniform 
gravitational field. Now this condition is not fulfilled by any 
actual system, for in any system there are gravitational forces 
between the parts of the system which give rise to a field which 
is not uniform. It would seem then that the Principle of Relativity 
is not applicable to any actual conditions ! 

As a formal objection to the universal validity of the Principle, 
this argument is indubitably correct. But all physical theories 
are open to the same objection. There is probably no physical 
law which is accurately true if applied to any actual system ; but 
the laws are none the less useful. There are a great many systems 
applied to which they are very nearly true ; we apply them to 
those systems and take account of the fact that they are not 
accurately applicable by introducing small f corrections.' Thus 

1 It is perhaps well to remark that the conclusions of this paragraph are quite 
independent of any of the physical theories of gravitation whioli were discussed in 
§ 125 We are not attempting to explain why bodies near the earth have a uniform 
acceleration relative to it any more than, earlier in the chapter, we were trying to 
explain, for example, why the sun seems to have a uniform velocity relative to the 
stars. We are accepting the fact of this acceleration and trying to discover how 
our experiments will be thereby affected. 
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the law that, if a bar A is found to have the same length as the 
bar B and B is found to have the same length as the bar C, then 
A will be found to have the same length as the bar G, is not 
accurately applicable to any actual bars, for — as the matter would 
be commonly expressed — no two bars are accurately at the same 
temperature. But we do not abandon the law as useless ; we use 
it every day and, if we are doing extraordinarily accurate work, 
apply a correction for differences in temperature. In the course 
of applying this correction, we always assume again that the law 
is actually true and thereby lay ourselves open to the formal 
logical objection that we are assuming the law to be both true 
and false. What we are really doing is to proceed to discover the 
law applicable to the phenomena within the limits of experimental 
possibilities by a series of successive approximations. 

It is quite probable that in the future there will have to be 
substituted for the transformation (258) some rather more compli- 
cated transformation; it is almost certain that we shall never 
arrive at a transformation which is applicable without any further 
correction to all moving systems. But I cannot believe that the 
method which underlies Einstein s treatment of the problems of 
this chapter will soon be abandoned; that method is to divide the 
region of physical phenomena into systems which, as a first 
approximation, can be regarded as unrelated and then to combine 
these isolated systems into one physical universe by correcting our 
laws in the light of the relations which are found to exist between 
them. It is by this method that physical sciences have pro- 
gressed ; the method of the Principle of Relativity is the method 
of all successful science. 
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on account of its very great beauty, is contained in P/iys . Zeit. 10. 104, 1909 ; 
that paper is also published separately as a pamphlet under the title Raum 
und Zen. A recent book by Laue, called Das Relativitutspnnzip , gives a very 
full account of the Principle and its applications ; fhe author pays more 
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attention to the interesting problems in applied mathematic^ which occur 
than to the questions to which much the greater part of this chapter has been 
devoted. 

The reader who after reading this chapter is still puzzled by the Principle 
will probably want to study some other attempt at expounding it, and he 
will probably prefer that it should be in his own language. During the past 
four years many such attempts have been published, chiefly in the senn- 
scientific journals such as Science . I refrain from mentioning any of them, 
except that of Bu instead (Am. Journ. Sci. 26. 493, 1908), because on the 
whole they appear to me better calculated to produce than to remove 
confusion of thought ; others may think differently. But I am compelled to 
offer one warning ; readers should beware of any writer who opens with the 
specious statement that ho is going to treat the subject without any 4 meta- 
physical subtleties.’ If by 4 metaphysical subtleties’ he means any searching 
inquiry into the significance which is usually attached to the words 4 time’ and 
4 length ’ or into that which it is most convenient to attach to them, then any 
treatment of the problems of this chapter must introduce metaphysics, 
though it may be very bad metaphysics. If, however, by 4 metaphysics ’ is 
meant the study of the conception of reality— and this is the usual sense — 
then metaphysics are certainly better kept out of scientific treatises. But 
experience shows, as common sense would suggest, that an author only states 
explicitly that lie is not going to be metaphysical when he wishes to conceal 
from himself and Ins readers that he is going to assume tacitly a metaphysical 
proposition so absurd that it would not stand a moment’s examination. 
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THE AETHER 

The developement of the modern theory of moving systems 
which is sketched in the last chapter is so recent that ,it can 
hardly be hoped that the student is free from the confusing ideas 
connected with the older theory which it displaces. In the first 
edition of this book a criticism of that theory occupied most of 
the corresponding chapter ; in this edition it is, perhaps, desirable 
to repeat part of that criticism in order to show that the newer 
theory is really simpler and more comprehensible than the older ; 
if there is a further edition, there will probably be no need to 
consider the latter at all. 

The older theory arose from an attempt to answer the question, 
Where is the energy of the radiation localised during the interval 
between its leaving the source and arriving at the receiver ? The 
answer given by the earliest forms of the undulatory theory of 
radiation was that the energy was localised in ‘ the aether/ 
Radiation was supposed to consist of some processes, probably of 
a dynamical nature, taking place in a system, the aether, which so 
far resembled material bodies that it could contain energy and 
could have a definite position or velocity relative to material 
bodies ; portions of the aether were present at every 1 point of 
space/ and these portions were at relative rest except when the 
disturbances constituting radiation passed through them. The 
velocity of a material body A relative to a material body B was 
considered to be equal to the difference between the velocities of 
A and B relative to the aether. 

On the assumption that the aether through which light is 
propagated is a dynamical system jjhysieally ‘independent of any 
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material system and that the Principle of Moving A^es is applic- 
able to such system, the Doppler effect for the difference in the 
frequency of the same source of light observed by two observers 
in relative motion, could be calculated. If certain assumptions 
were also made concerning the relation between the directions 
of a ‘ray’ and of the wave normal, the aberrational change in 
the direction of the light could also be deduced. But aberration, 
as well as the Fizeau effect, was treated more rigidly by in- 
vestigating the refraction of light in a medium moving relatively 
to the aether. In its latest form (due chiefly to Loren tz), this 
treatment was based on two assumptions: — (1) that the theory 
of refraction given in Chapter II is correct, (2) that the funda- 
mental equations of Chapter I are true if the axes to which they 
are referred are fixed in the aether, so that, if v is the velocity 
of a charged particle relative to the aether, (5) gives the force 
acting on it in the electric and magnetic field in the light. From 
these assumptions, values agreeing with experiment for the aber- 
ration and the Fizeau effect could be calculated. 

In dealing with astronomical phenomena on these principles, 
it is necessary to assume that the difference in the velocity of the 
earth relative to the sun at different points of its orbit is equal 
to the difference in its velocity relative to the aether, that is to 
say, the sun must be regarded as moving uniformly relatively 
to the aether with a velocity which may be finite or zero. From 
the assumptions adequate to explain the Doppler effect, it follows 
that, if the velocity of light relative to an observer who is at rest 
relatively to the aether is c, the velocity of light relative to an 
observer who is moving relatively to the aether with a velocity v 
is c + v. Since the velocity of the earth relative to the aether 
in the direction of the earth’s orbital motion differs from that in 
a direction perpendicular to that motion, the velocity of light 
relative to an observer on the earth should differ according as 
the light is travelling in the direction of the orbital motion or 
in a perpendicular direction. The famous experiment of Michelson 
and Morley showed that this consequence of the aether hypothesis 
is false and that the velocity of light (from a source at rest relative 
to the observer) is the same in whatever direction relative to the 
orbital motion of the garth the light travels. 
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There ^ ere two possible ways (not wholly exclusive of each 
other) of overcoming this difficulty. First, one or more of the 
assumptions introduced might be denied ; second, some new as- 
sumption might be introduced. If we adopt the first alternative, 
we might deny either (a) that the equations of Chapter I are 
true referred to axes in the aether, or ( b ) that, if two material 
bodies are relatively at rest, they have the same velocity relative 
to the aether. The denial of ( b ) seems, doubtless, very startling or 
almost incomprehensible; nevertheless, it is easy to see that it is 
a perfectly natural consequence of the aether hypothesis. For we 
cannot deny (a), because (a) is not a proposition at all, but a 
mere definition. Unless (a) is true, we have no way whatever 
of finding out what is the velocity of any body relative do the 
aether , accordingly, (a) is simply equivalent to the following 
definition .—By a body at rest relatively to the aether we mean 
a body such that, if* our axes of reference are fixed in it, the 
equations of Chapter I are true. All that the experiments on 
aberration and those of Michelson and Morley show is that, 
adopting this definition, the source of light which the observer 
is observing is at rest relative to the aether. When the stars 
are observed, the stars are at rest relative to the aether; when 
a terrestrial source is observed, that source is at rest relative to the 
aether; an observer has different velocities relative to the aether 
according as he observes one source or the other. 

We might avoid this conclusion by stating some new definition 
of the aether before we state (a), which would then become a 
proposition and not a mere definition and would be capable of 
being denied. But there is no object in adopting this course ; the 
conclusion at which we have arrived is quite simple and obvious, 
if we do not allow ourselves to be confused merely by an un- 
fortunate choice of words. Our original idea of the aether was 
‘ the body in which radiant energy is localised * ; if, in that 
statement, we put ‘bodies’ for ‘body’ all our difficulties vanish; 
if the energy from different sources is localised in different bodies, 
then it is obvious that the velocity of an observer relative to the 
body in which the energy of one source is localised may be 
different from that relative to the body in which the energy from 
another source is localised. If we speak of.‘ aethers ’ and not ‘ the 

25 — 2 
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aether/ all our experiments prove is that the particular aether 
with which we are concerned in any case is that which is at rest 
relatively to the source and may be regarded as forming part of it. 

This is the simple way out of the difficulties raised by the 
Michelson-Morley experiment. If from the beginning we had 
used a plural instead of a singular word to denote the system in 
which radiant energy is localised (or even a word which, like 
‘ sheep/ might be either singular or plural), those difficulties would 
never have appeared. There has never been a better example 
of the danger of being deceived by an arbitrary choice of 
terminology. 

However, physicists, not recognising the gratuitous assumption 
made in the use of the words c the aether/ adopted the second 
alternative; they introduced new assumptions. They first re- 
defined ‘velocity relative to the aether’ as a velocity differing 
from velocity relative to the stars only by the addition of a 
constant, the same for all sources and all observers. In order to 
explain the Michelson-Morley experiment they adopted another 
hypothesis, that known by the names of Lorentz and Fitzgerald, 
to the effect that the length of a body in motion relatively to 
the aether measured against a standard always at rest relatively 
to the aether was decreased in the ratio 1//3. It could be shown 
that it was a result of the second hypothesis that no possible 
experiment could ever determine what was the velocity of any 
material system relative to the aether ; the conception ‘ velocity 
relative to the aether’ was one which could not possibly enter 
into the result of any experiment. It became certain that a theory 
would soon be proposed which would banish that conception 
altogether from physics; very shortly Einstein showed that the 
rules given by this complicated theory for deducing the relation 
between the laws observed by two observers who are in relative 
motion are exactly the same as those given by the Principle of 
Relativity ; these rules, of course, involve only the relative velocity 
of the two observers and not their ‘ velocity relative to the aether/ 
Moreover, the form in which those rules are expressed by the 
Principle of Relativity is much simpler and more convenient than 
that in which they are given by the aether theory combined with 
the Lorentz-Fitzgerald hypothesis. 



THE AETHER 


389 


It map be well to point out exactly how the results of the 
Michelson-Morley experiment are introduced into the arguments 
based on the Principle of Relativity. They are introduced by the 
statement made in § 134 that, if R is a source of light, R is 
physically independent of S. If this assumption is combined 
with the transformation of the Principle of Moving Axes instead 
of with (258), the correct formula for the Doppler effect can be 
deduced, but the conclusion is reached that there should be no 
aberration. Accordingly, when the Principle of Moving Axes 
was believed to be true, it was necessary to deny this assumption ; 
it is denied by the aether theory which says that R cannot be 
physically independent of #, if S is at rest relatively to the aether. 

But how does the Principle of Relativity answer the question 
from which the aether hypothesis sprang ? Where, according to 
that Principle, is the radiant energy localised ? The answer has 
been given in § 140 ; the energy is localised in the system of 
the observer who observes it. But then (it may be asked), since 
an*infinite number of observers can observe a finite amount of 
energy from the same source, the energy given out by the source 
must be infinite. By no means ; the energy of a source is no more 
infinite because an infinite number of observers can observe it 
than the energy of a rifle bullet is infinite because an infinite 
number of observers can observe that it is moving relatively to 
them. But (the objector may go on) in the case of the bullet all 
the observers observe the same energy, whereas, according to you, 
two observers do not observe the same energy, because each 
observes only the energy which is localised in his own system. 
At this point I inquire what is meant by ‘ the same energy ’ and 
if the discussion were continued I should discover that the 
objection was based on the doctrine — which has hampered science 
ever since it originated in Greek philosophy — that there is * a real 
energy ’ or ( a real body ’ which ‘ exists ’ independently of any 
observer and of which any observer only observes the 4 appearance.’ 
So far as I can understand this doctrine at all, I dissent from it ; 
I deny that this conception of an energy which is ‘ the same ’ for 
all observers has any significance. An observer .A observes that 
the source sends him an amount of energy a and he finds that the 
energy he receives from the source is the equal to that lost by the 
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source ; B observes that he gains and the source loses all energy b. 
Now I may be able to find (I can find with the help of the 
Principle of Relativity) a function of a and other properties 
determined by A which has the same value as the same function 
of b and the same properties determined by B. If I call this 
function 4 the energy ’ then it is a function which is the same for 
all observers ; in this sense the conception of ‘ the same energy ' 
has a meaning and is very valuable. If avc ask whether the 
energy a observed by A is the * same energy * as b observed by B , 
then, if ‘the same energy' means the function just mentioned, of 
course a and b are not the same energy. But at the same time it 
is not legitimate to add a and b, to call them the ‘ total energy ’ 
and raise difficulties because the total energy is not finite, a and 
b are not quantities of the same kind ; one is a quantity observed 
by A and one a quantity observed by B ; they cannot be added to 
make one total quantity of the same nature as both, any more 1 
than one cow and one sheep can be added to make two horses. 

The reader will find similar remarks on the same subjects m 
Phil. Mag . 19. 181, 1910 and Phys. Zeit. 13. 120, 1912. 
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ABERRATION 

In the Monthly Notices of the R. A. S. 09. 4*03, 1909, Prof. 
Turner raises an interesting question concerning aberration, which 
is worthy the attention of physicists as well as of astronomers. 
The question may be stated thus: — 

If we want to calculate from the observed position (or rather 
direction) of a star its true position, the theory of optics indicates 
that we must introduce a correction depending on u , the velocity 
of the earth. According to the theory based on the conception of 
the aether, u, is the velocity of the earth relative to the aether , 
what is the velocity n according to the Principle of Relativity ? 
Should it not be the velocity of the earth relative to the star ? 

Perhaps we should be inclined at first to answer the last 
(picstion affirmatively and should be confirmed in this opinion by 
observing that, according to (260), the Doppler effect and aber- 
ration are different aspects of the same phenomenon. Now the 
correction necessary to determine the true frequency of the light 
emitted by the star from its observed frequency depends, as obser- 
vations on double stars show, on the relative velocity of the earth 
and the star. Ought not the aberrational correction to depend on 
the same velocity ? 

But if we accept the view suggested, we at once arrive at 
a serious difficulty. Consider a close double star, or even a 
‘ spectroscopic double ' The pair of stars appear in the same 
direction, but they are moving relatively to the earth with 
different velocities, and therefore different corrections (the differ- 
ence amounting to several seconds of arc) should be applied to 
obtain their true directions. The stars which appear close together 
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must really be an enormous distance apart; how are*we then to 
explain their orbits ? Conversely, the parts of a rotating star, 
being all really in the same direction, ought to appear spread out 
into a band several seconds long ! 

Prof. Turner gives a solution of this difficulty, but it will bo 
more convenient for us to look at it somewhat differently. 

If we accept the Principle of Relativity at all, we must accept 
it consistently. What according to that Principle do we mean by 
the true direction of a star ? By the true frequency of the light, 
we mean the frequency observed by an observer at rest relative to 
the star, for this frequency is determined wholly by the nature of 
the star and not by the circumstances of the observer. But by 
the true direction of a star we do not mean the direction observed 
by an observer at rest relative to the star, for, if we meant that, 
it would be absurd to speak of the f motion / or change of direction, 
of the star. A clue to what we mean by the ‘ true position ’ of 
a star is given by the fact that we regard it as impossible that 
the ‘ true orbit ’ should not obey Kepler s Laws. A little 
inquiry will show that what we mean by the true direction 
of the star is simply the direction relative to an observer to 
whom the orbit of the pair of stars appears to obey Keplers. 
Laws. Such an observer is one at rest relative to the centre of 
mass of the pair , by the true position of the star we mean its 
position as observed by such an observer, and the aberrational 
correction must be such as to transform the direction observed by 
the observer on the earth to that observed by this observer. Now 
the observations are consistent with the view that the sun is at 
rest (or in uniform motion) relative to the centre of mass of the 
pair, and hence the required aberrational correction is that which 
transforms the direction observed on the earth to that observed on 
the sun. This correction of course depends on the motion of the 
earth relative to the sun. The correction which is actually applied 
in astronomical practice is thus justified by the Principle of 
Relativity. 

Moreover these considerations are precisely the same as those 
based on the aether hypothesis which led to the view that 
the aberrational correction ought to be determined by the velocity 
of the earth relative to, the sun. For why did the holders of that 
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hypothesis Relieve that the aether was at rest (or in uniform 
motion) relative to the sun, and that the position of a star 
observed by an observer at rest relative to the aether was the 
‘ true position ’ of the star ? Simply because the aether was 
believed to be at ‘ absolute rest,’ at rest, that is, relative to the 
absolute axes which are such that motions referred to them obey 
the laws of Newtonian dynamics, and because observations showed 
that relative to these axes the sun was either at rest or in uniform 
motion. Whether we adopt the aether hypothesis or the relativity 
hypothesis, by the ‘ true position 5 of the star we mean simply its 
position observed by an observer who is at rest relative to axes 
such that motions referred to them obey the laws of Newtonian 
dynamics. \ 

Two further points may be noted. In calculating the aber- 
rational correction a mechanical analogy has sometimes been 
employed, usually that of the apparent direction of a shot fired 
from one ship and striking another moving relatively to it. The 
difficulty which has been raised shows that this analogy is 
inadequate. Mechanical analogies are not easy to apply to 
problems of aberration, even if we adopt the analogy of § 140 
and consider the 'aether’ to be a system at rest relatively to 
the observer. 

Second, the reader may feel that, though the ‘ true direction ’ 
is actually that observed by an observer at ‘ absolute rest ’ in the 
Newtonian sense, this is not what he means by the 'true direction’ ; 
by the true direction he means the direction in which the light 
has travelled from the star to the observer. After what has been 
said in the last chapter and Appendix I this conception need not 
be criticised in detail. The reader will find that, if he will 
consider now exactly what he means by the true direction in 
this sense and why he believes that the customary aberrational 
correction will give it, he will either have to conceive himself 
performing inconceivable experiments or make the assumption 
that the true position is that referred to an observer at ‘ absolute 
rest.’ 
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Force 362, 363 
lines of, see Faraday lines 
Free electrons, see Electrons, free 
Frequencies, number of equilibrium 230, 
231, 310, 311 
Frequency 36 

7 rays (see also X rays), absorption of 
264 

origin of 273, 274 

Gaseous conduction, see Conduction, 
gaseous 

ions, see Ions, gaseous 
Gases, dielectric constant of 33 
Gravitation 306, 332, 333, 380 

h 210, 214, 225, 226, 237, 245, 306 
Hall effect 76-78, 80 
Hamiltonian principle 229 
Hard rays 257, 284, 285 
Heat, atomic, see Atomic heat 
specific, see Specific heat 
Helium and radioactivity 161, 184, 
337 


Hertzian waves 189, 296, 297 
Hydrogen atom, mass of 22, 46 

Incidence and emergence ladiation 259 
Induction, electrostatic 30, 31 
magnetic 18, 117-120 
of currents 4, 10, 11, 120 
Infra-red, see Spectra 
Intensity, electric 18 
magnetic 3, 4 , 117-120 
of radiation 154, 155, 210 
Interference 159, 195, 252-253 
Ionisation of gases by a rays 161-169, 
322-324 

p rays 161, 174-179, 268, 322-324 
collision 102-105, 113, 114, 178 
light 213 

positive rays 113, 114 
X rays 268-270 

eneigy required for 103, 105, 114, 168, 
169, 213, 319-325 
mechanism of 168, 321-324 
molecular 168 

stopping power and 166-168 
total 168 

Ionising power 163 

Ions, electrolytic 25, 55, 93-95, 318, 
835-340, 344 
gaseous 88 

charge on 90-95 
condensation on 90 
diffusion of 89, 94, 95 
number of 167-169, 291 
recombination of 88-90 
structure of 97-102 
velocity of 95-102 
Isochronic 372 et seq . 

Joule effect 71 

k (dielectric constant) 3 

(gas constant) 225, 226, 231, 306 
(susceptibility) 117 
Kanalstrahlen, see Positive rays 
Kathode rays (see also p rays) 107-110, 
256, 267-268 
ejm for 109 
Kepler’s Laws 391 

Kinetic theory of gases (see Dynamical 
Theory of Gases) 

Length 371, 372, 388 
Life of radioactive atom 182-186 
Light 189 (see also Kadiation) 
absorption of 49-52 
circularly polarised 137, 146 
diffraction and interference of 159, 
195, 252-253 

electromagnetic theory of 14, 15, 17- 
19, 21 v 189, 274, 295 
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Light (i cont .) 

emission of 140, 150, 100, 205-208 
homogeneous and heterogeneous 189 
et seq. 

intensity of 193, 210 
ionisation by 213 
polarisation of 157-100 
quanta 248 et seq. 
reflection 19, 20, 43, 00-03 
refraction of 19, 35-45, 386 
steady source of 194 
structure of 244 et seq. 
velocity of 14, 19, 358, 379, 381, 3 
white, nature of 197, 203, 253 
Lines of Force, see Faraday lines 
spectra, see Spectra 
Lorentz-Fitzgerald hypothesis 388 


Moving systems, properties of 351, 383 
Axes, Principle of 302^-353, 367, 374- 
378 

Natural frequency 37 et seq. t 147-150, 
213, 218-219, 308-317 
Neutral pair 293-295 
Newtonian mechanics 363, 365, 374, 392 
Number of electrons, see Electrons 
frequencies in equilibrium 230, 231, 
300-303 

molecules 25-27, 40 

Ohm's Law 18, 55, 59 
Optical and chemical properties 312-317, 
347 

properties of crystals 52 
metals 00-60 


m 0 22, 306 
ft (permeability) 117 
Magnetic energy 10, 129-133 
field 12, 363 

absorption in 142 
conduction in 76-80 
emission of light in 146-150 
moving charge and 13, 14, 22-25 
refraction in 138-145 
induction 18, 117-120 
intensity 3, 4, 117-120 
moment 117, 123 
permeability 18, 117 
pole 118 

susceptibility 117, 121-125, 306, 325, 
326 

Magnetism, Langevin’s tlieoiy 121-127 
dia- 118, 121-125, 325, 326 
ferro- 118, 127, 128 
para- 118, 125-127, 325 
Magneto-optics 136-150 
Magneton 128, 338 
Mass and energy 365 
electromagnetic 133, 135 
of charged particle 27, 28, 362, 363 
of electron 22, 27, 28, 173, 364 
of hydrogen atom 22, 46 
Maxwell -Boltzmann Law 81, 82 
Maxwell's equations, see Electromag- 
netic laws 

theory 15-21, 03, 144, 274, 295, 300 
Mechanical properties 306, 308-312, 349 
Mechanics, Newtonian 363, 365, 374, 
392 

Michelson-Morley experiment 386-389 
Molecular and chemical forces 349 
ionisation 168 


moving systems 355-358, 386, 
390-393 

Origin of Spectra 146, 204-208, 214-220, 
347-348 

Oscillators 235 et seq . 

Paramagnetism 118, 125-127, 325 
Peltier effect 71-74 
Period, free, see Natural frequency 
Periodic Law 307, 308, 339 
Permeability 18, 117 
Phosphorescence 161, 214-217, 245 
Photo-electric effect 208-214, 249, 2<, 
295, 306, 319 

Physical independence 354, 356, 358, 36 1 
380, 389 

Polarisation, circuiai 137, 146 
nature of 157-160 

of X rays 258, 259, 261, 271, 284, 288, 
294 

rotation of plane of 52, 138-141, 144, 
145 

Positive electricity 22, 335-337 
electrons 78, 79, 114, 142, 143 
patches 343, 344 
rays 111-115, 171, 320 
Principle of Least Action 229, 239 
Moving Axes 352-353, 367, 374-378 
Relativity 354 et seq. 

Prism, resolution by 197, 198 
Properties of matter 305-308 
Prout’s hypothesis 337 
Pulse 223 

breadth of 284-287, 297 
Quanta, Light 248 et seq. 


Molecules, number ON25-27, 46 Radiation 103, 154 (see also Light and 

Motion of chargfti C 

174, 361-363 ^OHHton of*I55, 156 

uniform 352 ° x ~ ^ *** Radiation, complete 

uniformly P 38 ?fT#MJSL 0 l W %: 155 
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Radiation (cont.) 
complete 22fc, 224-240 
energy of 224, 225 
entropy of 285 
properties of 224-220 
theory of, Jeans’ 282, 288 
Planck’s 234, 240 
Rayleigh’s 229, 232 
equilibrium 227 , 228, 232, 233 
from an electron 275-283, 32G, 365 
independent beams of 234, 301-303 
intensity of 154 
momentum of 283 
polarisation of 157-159 
pressure of 283, 291 
scattering of 157 
secondary 157 
theones of 158-160 
thermal 222, 224-225, 227, 253 
velocity of 164 
Radioactive decay 181 
equilibrium 181-182 
series 182 

substances 161, 365 
life of 182 

Radioactivity, nature of 180-183 
theories of 183, 184, 327, 337 
universal 187 


Raime 164 
Rayfess change 183 

Rj*ys, see a-, anode-, /3-, kathode-, posi- 
* tive-, remaining-, letrograde-, X-iays 
Reality 389 

Recombination of ions 88-90 
Reflection of light 19, 20, 43, 60-63 
X rays 298-299 
selective 43, 61 
Refraction 19, 20, 35-45, 386 
Refractive index 20, 37 et seq., 299 
Relativity, Piincipie of 354 et seq . 
Remaining rays 44 , 244 
Resistance, electrical, see Conductivity, 
electrical 

Resonance 213, 217, 219, 288, 332 
Resting line 206 
Reststrahlen 44 
Retrograde lays 115 
Richardson effect, see Thermionics 
Roentgen rays, see X rays 
Rotation, positive and negative xii 


Saturation current 88, 89 
magnetic 118 
Scattered radiation 157 
Secondary radiation 157 
See also rays and X rays 
Selective absorption 49, 52, 315 
Self-induction 130, 131 
Simul 369 et seq. 

Simultaneous 368 et seq. 


Spark discharge 87, 106-107 
Specific heat, and elastic constants 310- 
312 

Einstein’s theory of 240-244 
of electricity 74 
of magnetic bodies 127 
of metals 84-86, 244 
Spectra, band 191, 204, 207, 208, 348 
continuous 191 

emission 316, 317 { see also Origin of) 
formation of 192-198 
infra-red 44, 46-48, 189, 242-243, 
308-311 

in magnetic field, see Zeeman effect 
line 191, 198, 204, 205-208, 348 
breadth of lines in 198-202 
origin of 146, 204-208, 214-220, 327- 
348 

positive ray 206, 207, 244 
pressure effect on 201, 202 * 

senes in 149, 202-205, 338 
ultra-violet 44, 46, 189, 213, 313-316 
Stokes’ Law 216-218, 245, 254, 265 
Summary of electronic theory 150, 151 
Supersaturation of vapoms 90, 91 
Susceptibility, magnetic 117, 121-125, 
306, 325, 326 

Theory 6-6 

Abegg’s of valency 340, 341 
Biagg’s of X lays 292-295 
Corpuscular and undulatory 158-160, 
300-303 

Diude’s of metallic conduction 57 
et seq 

dynamical of gases 6, 57, 67, 126 
Einstein’s of specific heat 240-244 
of light quanta 248 et seq. 
of Relativity 354 et seq. 
electronic, summary of 150, 151 
Faraday’s 6-15, 251, 274, 275, 378, 379 
Helmholtz-Ketteler of dispersion 38-41 
Jeans’ of radiation 232-233 
Kirchhoff’s of radiation 227, 228, 235 
Langevin’s of magnetism 121-127 
Lenard’s of phosphorescence 215-217, 
288 

of spectra 205 

Lorentz’ of moving systems 386 
of Zeeman effect 146-149 
Maxwell’s of electromagnetism 15-18, 
63, 144, 274, 295 

Minkowski’s of Time and Spaoe 374- 
378 

Mosotti’s of dielectric constant 34 
of gravitation 332, 333 
Newton’s of mechanics 362, 365, 392 
Planck’s of radiation 234-240 
Prevost’s ,, 227 

Rayleigh’s . „ 229-232 
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Theory {cont.) 

Rutherford’s of y rays 273, 274 
of radioactivity 182-186 
Sommerfeld’s of X rays 274, 279, 297, 
303 

Stark’s of spectra 206-208, 348 
of atoms 341-347 

Stokes-Wiechert of X rays 274-278 
Sutherland’s of elasticity 308, 309, 
349 

Thomson’s of atom 338-340 
of radiation 251 
and Rutherford’s of ionisation 
88 

Townsend’s of ionisation 102-105 
undulatory and corpuscular 158-160, 
300-303 

Thermal conductivity 66-69, 306 
Thermionics 81-84, 115, 212 
Thermodynamics 75, 76, 82 
of radiation 228, 229, 235, 236 
Time 368 et seq. 

Transmutation of elements 188 
♦Trigger action’ 290, 325 

Undulatory and corpuscular theory 158- 
160, 300-303 
Units 3 , 22, 118 

Valency 320, 340-347 
electrons 335 et seq, 
free 346 

positive and negative 341 
saturated and unsaturated 346 
Vectors, direction of xii 
Velocity of a rays 161, 164 
of 0 rays 178-176 
of free electrons 67 
of ions 95-102 
of kathode rays 109 
of light 14, 19, 358, 379, 381, 386 
of positive rays 111-115 
of radiation 154 
relative 853, 365, 373, 376 


Velocity {cont) 
relative uniform 852 
relative to aether 887 tt seq 
Vibrations, damped 223, 280 
forced 35, 38 
free period of 38 
harmonic 146, 189 
mechanical 308-311 
number of 230, 231, 800-303 
sound 308 
Volta effect 71 

Weight 381 

Wiedemann -Franz Law 67, 68 
Wien’s Displacement Law 228 et seq. 

X rays, absorption of 256, 257, 271, 272, 
331 332 

and crystals 297, 298 
and light 294-299 

characteristic 261-265, 272, 273, 307, 
8H1 

diffraction of 297 

emergence and incidence 259 , 260, 
285, 288 

energy of 285-291, 292-294, 300, 301, 
303 

hardness of 257, 284, 285 
homogeneous 257 
ionisation by 268-270 
polarisation of 258, 259, 261, ^1, 
284, 288, 294 
production of 256 
pulses in, see Pulse 
reflection of 256, 298, 299 
scattering of 258-261, 380-331 
secondary, see X rays, characteristic 
and /9 rays, secondary 
transformation of 271, 272, 293-295, 
331, 332 

velocity of 296, 297 

Zeeman effect 146-150, 203, 204, 208* 
348 
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